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Abstract

Abstract

Coherere is the fundamental property of agti radiation. Methods based on this
charateristic are employed in different areas of reshaeven in NASA and European
spae ageny. However,coherere properties of lightan be sucessfully applied in life
sciences for the purposes of diagnestiand treatment. The subjeof current reseah is
the development and improvement of the quantitapiggformare of non-invasive low
coherere opttal diagnost which is a novel modern biomexdil technique uniquely suited
for the measurements of paltis distribution within the topal layers of biologial tissues
and othercomplex media, sth as polymerscolloids, composite materials, €t This
approah is based on the illumination of a medium by egitiradiation with a low
coherere both spatial and temporal, and analysis of thd-baattering signal. Reently
introdwed this tehnique is notcurrently used. The main diffulty in the developing of
practical low~cohereme systems in biomeehl diagnostis is assaated with the
complexity of biotissues steture. For example, the human skin has wenyplex strature
and consists with several layers of cells with uniqudi@g properties in edn layer.
External boundary and internal boundaries betwagar$ are rough and wavy. Thus, the
most acurate deaiption of optcal radiation propagation is extremetpmplicated to
achieve andcan be performed only ascamputer simulation. All further investigations of

the optical methods of biotissues diagnostics @arthanced using such computer models.
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Aims and objectives

The aim of this reseehn is to investigate theoreél model of lowcoherent radiation
propagation and talization within the random media and to develop #xperimental
system suitable for the different biomeali appltations. In thecurrent reseah the Monte
Carlo (MC) technique was applied for the purposes@mputer simulation of loweoherent
optical propagation within the skin and optimizationtleé parameters of existing systems.
The MC method makes it possible to give a realigitture of the proesses involved into
the light-tissue intekdion. Although the modelling with the Mis quite timeconsuming, it
is the most eftiient tehnique to degibe the radiation propagation in theagering turbid
medium. Existing M code was improved withoherere and polarization efé¢s, whih
significantly increasing the @uracy of the modelling. M model was expanded with the
newcomputational method that is ablectansider all the sattering orders within a deted
OCT signal. MC model was used also for the purpose of visuatinati the inhomogeneity

in turbid medium with the help of artifal neural network.

In addition, loweohererme opttal techniques, seh as optal cohereme tomography
(OCT), its extension Doppler OF andconfocal laser miroscopy (CLSM) were applied
for the purposes of bio-tissues diagnastand imaging of their internal stture. The
conventional @T was applied for the purpose afaffold stricture imaging. At the same
time Doppler @T was applied for the measurements of spatial flilidv velocity
distribution within thiscomplex saffold strwcture. Obtained results make it possible to
evaluate the shear stress within tbafold in a pariular area and optimize input flow rate
consequentlyCLSM was employed for the investigations of imagatrasting with gold

nanopariles.
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Chapter 1. Introduction

Optical diagnost techniques nowadays employed in differeniestific areas of resedn
from material sience and reseah of spae to biomedial applcations (see, for example,
Tuchin, 2002). Optial diagnostis in case of biomedine can provide powerful tools for
clinical studies in range from single mealges of organisms to biotissues and systems of
organs.Currently the most used methods of oatidiagnostis (see Figure 1.1) ¢ftude X-
ray radiography, with beame feasible due to the dvery of X-rays in 1895 by Wilhelm
Conrad Roéntgen, ultrasound imaging (ultrasonographyodwed after World War I, X-
ray computed tomographyC(T), which was developed in 1970s and initiated digitalss-
sectional imaging (tomography), and MagretResonace Imaging (MRI), whih was
invented also in 1970s and enabledctional imaging with high spatial resolution. The
main disadvantage of thectaiques presented above is their danger infleeon the
human body, wih can be avoided by using of the @t methods of diagnoss.

The reent rapid progress in non-invasive and safe imagihgnicro- and/or mero-
inhomogeneities inside variou®mposite materials and biotissues hasobee feasible
since the development of laser in 1960 (Maiman, 196i@h vomplimentary experimental
tools, ircluding opttal fibres,ChargeCoupled Dewte (CCD), syrchrosan strealkcameras,
photomultiplier tubes, and photodiode détes (Mignani and Baldini, 1996; Thin, 2002;
Vo-Dinh, 2003; Verdaasdonk and van Swol, 1997; Wdapd Gabor, 1999; Splinter and
Hooper, 2006). Number of new original aati based tehniques were introdwed in the
past, basing on the usage of the diode lasersgbana femtossond lasers (Ti:Sapphire or
Cr:Forsterite) and superlumingsxce diodes (SLD) (Unterhubet al, 2004; Tehin, 2004;
Wang and Wu, 2007).

The important diagnostitools for the non-invasive monitoring of diabetgsap and
Tooke, 1995), port wine stains studies (Kadtyal, 2005), for surgery (Neligan, 1993) and
for burn depth assessment (Niatial., 1993), for diagnosis of atheroderosis (Regaet
al., 2007) and for investigation rienisms of photodynamiherapy atarcer treatments
(Korbelik and Krosl, 1994) are diffusing wave sfpescopy (DWS) (Harden and Viasnoff,
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2001; Meglinski, 2003), whch is an extension of theonventional Dynanc Light
Scattering (DLS) Cummins and Pik, 1973).

Lﬂ.";_."‘a_-raﬁi.’.../.ft i

@ (b)

(c) (d)

Figure 1.1. (a) - Wilhelm Rontgen's first "mecal" X-ray of his wife's hand (Kevles. H., 1996); (b) — MRI
images of human brain (adopted frchttp://knol.google:om/kehristopherhess/brai-ct-mri); (¢) — CT

images of human brain (adopted frohttp://knol.googlezom/kehristopherhess/brair-ct-mri); (d) -

ultrasonography of thegrathyroid glands (Selvi Fet al., 2009).
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Another hot topi application of optcal diagnostis is laser spdle imaging wheh can
monitor dynamtally cerebral blood flow ¢BF) with high-resolution (Dunmt al, 2001,
Haiying et al, 2004). By illuminating theortex with laser light and imaging the resulting
spekle pattern, relativ€BF images with tens of rrions spatial and millisend temporal
resolution were obtained (Luet al, 2004). Laser interferometry of random phaseh(lig
scattering) methodology is used for debing of spatially-modulated laser beam
transportation through thin tissue layers or turhich films. This tehnique is applied for
random objet inspetion (Angelsky and Maksimyak, 1990; Angelsky al, 1999), for
surface roughness measurements (Taganov and Topore®, @@fidal et al, 1995), and
for retinal visual auity determination atcatarat (Saleh, 1982; Ent et al, 1995;
Radhenko et al, 1999) and monitoring of cattering properties of blood during
sedimentation and aggregation of erytiytes (Gandjbakthe et al, 1994; Tghin et al,
2002).

Optical heterodyne det&on charaterized by phase-sensitive measurements of lighdi
with a high signal-to-noise ratio (SNR) and largaamic range is a relatively new and fast
growing coherent-domain optal method. The tdnique, in its basiprinciples, is known
as Opteal Cohereme Tomography (OT) (Huanget al, 1991; Shmitt, 1999; Ferher et
al., 2003; Drexler, 2004) and has found importantli@ppons in mediine, biology and
material studies (Bouma and Tearney, 200;hiny 2004; Brezinski, 2006; Regat al,
2007). Opttal Coherere Tomography is a fundamentally new type of egtimaging
modality. GCT performs high resolution (Brezinski and Fujimoi®99; Drexler, 2004),
cross-setional tomographi imaging of the internal marostrwture in materialshinn and
Swanson, 2002; Dunkers, 2002) and bialabisystems (Fujimotoet al, 1995) by
measuring bekscattered of bekreflected light. Image resolutions of 1-1tm can be
achieved, whe¢h is one to two orders of magnitude higher thanhwibnventional
ultrasound (Brezinsket al., 1997). Imagingan be performed non-invasively iorsitu and

in real time (several frames percead for 200-500 pixel images) (Bouma and Tearney,
2002; Brezinski, 2006). The unique features of tethnology enable a broad range of
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reseach andclinical applcations. @T can be interfaed with a wide range of imaging
delivery systems and imaging probesé€Lial, 2000; Hwanget al, 2005). @T technology
is based on fiber ops and usesomponents developed for the t@enmuntations
industry. Image information is generated inc#lenic form, which is amenable to image
processing, and analysis, as well ascetaic transmission, storage and retrievalCTO
systemsan be engineered to bempat and lowcost, suitable for applations in reseah,

manufaturing or theclinic.

Most OCT systems have employed a refeemelay sanning interferometer, sh as a
Michelson interferometer (Born and Wolf, 1986),cmmbination with a lowcoherere
light soure. There are many different embodiments of therfetemeter and imaging
engine for spdfic applcations suh as polarization diversity (insensitive) imaging,
polarization-sensitive imaging and Doppler flow gireg. Polarization-sensitive det®n
techniques have been demonstrated using a ¢hainel interferometer (Hest al, 1992;

de Boeret al, 1997; Everettet al, 1998). These thniques permit imaging of the
birefringerce properties of stutures.Collagen and other tissues are strongly birefringent
and polarization-sensitive @@ (PS-GCT) can be a sensitive inditor of the tissue

microstrwctural organization.
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Figure 1.2. Internal strwture of human skin with blood vessels.— traditional histologtal representation
(b) — CLSM image of the same regior) + representation of the same area witlidD (Lademann et al
2008).

Besides the spédic tools for optcal diagnostis the invention of laser improved area
investigations withconventional ncrosopes. Theconfocal laser sanning méroscopy
(CLSM) (Shepparcet al, 1997) offers several advantages cconventional fluorecerce-
based miroscopy, ircluding the ability tccontrol depth of field, elimination or rection of
background information away from the cal plane, and theapability to collect serial
optical setions from thtk speimens (Shepparat al, 1997). CLSM nowadays ha

become an essential tool in biology and «iated biomedial siences, as well as in
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materials sience due to attributes that are not readily availaisiag othercontrast modes
with traditional optéal microscopy (Pawley, 1995; Paddk, 1999; Diaspro, 2002;
Matsumoto, 2002; Sheppard and Shotton, 1997; Mude02; Hibbs, 2004Conn, 1999;
Corle and Kino, 1996; Wilson, 1990; Gu, 1996; Mastdr996). The appiation of a wide
array of new synthetiand naturally ecurring fluorachromes has made it possible to
identify cells and sub-nmeroscopic cellular components with a high degree of dfieity
amid non-fluoresing material (Mason, 1999)Comparison of CLSM, OCT and
conventional histology is presented on the Figuz Where the internal morpholegi

structure of human skin is shown.

Flow imaging based on Doppler Ogati Cohereme Tomography (Doppler OT) (Izatt et
al., 1996; Izateet al, 1997; Yazdanfaet al, 1997;Chenet al, 1997a,Chenet al, 1997b;
Chenet al, 1998; Bartoret al, 1998; Yazdanafast al, 1998; Yazdanafaet al, 2000) is
an emerging tnique and is still under development. The greataathge of this
technique is its very high spatial resolution (1-p0n), which, however, limits the
penetration depth to around mim Its appleation in vitro experiments has shown the
possibility to measure paraboland non parabalivelocity profiles (Bonesiet al, 2006;
Bonesi et al, 2007; Veksleret al, ) and distribution of red bloodells (RBCs)
concentrations (Mogeet al, 2004). From these velity profiles the leal shear ratean be
derived, as has been shown by van Leeuwercasvdorkers (van Leeuweet al, 1999).In
vivo applications were desibed in subsurige vessels of laboratory animals (Bartral.,
1999; Rollinset al, 2002; Wonget al, 2002;Chang and Hou, 2003; Satomue al,
2004). Doppler QT in human vesselsoncerned blood flow measurements in sub-
superftial skin vessels, whh allowed more advaed diagnosis and therapeutontrol of
cutaneous disorders (Tearney al, 2003; Piete et al, 2004; Gamhhler et al, 2005).
Furthermore, QT allows the assessment of the retinal blood flgwasincs and seems a
promising tehnique for diagnosis of diabetretinopathy and glawma (Yazdanafaet al,
2003). Although the tdnique is still in development, dluding needle-based Doppler
OCT (Yanget al, 2005) and real-time flow assessment (Rolehsl, 2002; Shaeferet
al., 2004; Leitgelet al, 2004), @T applcation forcoronary flow measurements has not
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yet been shown. However, the use afOfor reseath on the flow-relatedhanges in
atheroslerotic plaque is promising, bause of its demonstratedpaity to differentiate
plaqueconstituentex vivoandin vivo (Regaret al., 2003; Tearnegt al, 2003; Pateét al,

2005; van der Meegt al, 2005a; van der Meet al, 2005b; Regaet al, 2007).

In current reseah the MonteCarlo (MC) technique was applied for the purposes of
simulation of @T. The MC simulation makes it possible to give a realiglicture of the
processes involved into the light-tissue intgran. Although the modelling of opl
propagation within biotissues with theQVis relatively timeconsuming, it is the most
efficient tehnique to predit and analyze the peliarities of the radiation propagation in
the complex turbid medium. Existing ¥Mcode was added wittbherere and polarization
effects, which significantly increasing the auracy of the modelling. M model was used
also for the purpose of visualization of the inh@®weity in turbid medium with the help
of artificial neural network (Kovalevat al, 2007). Lowcoherere optcal techniques, sth

as opttal coherere tomography (OT), its extension Doppler OF and confocal laser
microscopy were improved and applied for the purposes ioftibsues diagnosts and
imaging of their internal stodure. In additionCLSM was employed for the investigations

of imagecontrasting with gold nanopastes (Lemelleet al, 2009).

Advantage of these dbniques, espgally OCT and Doppler QT, is confirming with

relatively low cost of building suh instruments incomparison withcost of traditional
diagnostt tools sekh as MRI orCT which is higher than $100k. For example, tlost of

the set-up used in theirrent reseah is lower than $10k; however,dan be stcessfully
used for different gentific purposes icluding flow measurements (Vekslet al, 2008)
and the reseahn of gold nanopartles. Hewre, from the finacial point of view return on
invested money will be netr higher incase of @T and Doppler @QT, which make them

more attrative for the usage inommecial projects.

Current PhD thesis consists with two big logicaltpa- theoretical and experimental.
Further, in the s@ndchapter the basiprinciples of light-tissue intexdion are represented.

Third one is dagibing the radiative transfer theory. In the foucttapter the Mont€arlo
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method as a method of solution of radiative transtpiation is desibed. Low<oherere
techniques (@T, Doppler T and CLSM) are reviewed in the fiftkhapter. Last two
chapters include experimental results obtainedndumy PhD studies in Cranfield. Sixth
chaptercontains the results of apgdition and improvement of Mont€arlo simulations.
And seventithapter is showing the results of apption of the loweoherere tehniques

and feasibility of their improvement.
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Chapter 2. Light-tissue interaction

2.1 Electromagnetic wave theory of light

The life on the Earth owes the influenof Sun light its appeare& Light interation with
biological matter lies in the basis of fetion of different kinds of organisms. Furthermore
sich phenomenon allows us to reveal information alibat morphologial strwture of
biological tissues and understand ¢gsses within them.

So, let’'sconsider what is ‘light’, what is its nature, mainharateristics and how lightan
interact with the tissues.

The term ‘light’ refers to the quite small parttbe eletromagnett spetrum between 400
nmand 700hm, socalled visible light (Figure 2.1) (Born and Wolf, 86).

2

100 104 lam 104y 100 105 104, 10, 105,
Wavelength

Figure 2.1. Electromagnett radiation spetrum, representing optal range 400-700 nm.

The phystal nature of light is dual, so ¢an beconsidered as both pates and waves at
the same time. Light as eteomagnett wave has differentcharateristics, seh as
amplitude, wavelength and polarization. The behava eletromagnet waves has been
degribed by the Maxwell Equations until Ptdg Einstein and others developed the

guantum theorygonsidering the light in terms of photons. From tpa@nt of view the
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brightness of the light is the number of photong] thecolour of the light is the energy
contained in eeh photon (Born and Wolf, 1986).

Wave nature of lightan be degibed with the next basiparameters: wavelengih or
frequerty v. Whereas, the pacte desription of the radiation requires using the energy
charateristics E. As soon as both types of light representationtrbasequal, it is possible

to write the next equation:

C

E(])=h1/=h/1

E(eV)q., (2.1)

where h is the Plaok's constant,c is the speed of light, angl, is the the eldron unit

charge.E(J) andE (eV) are energy in joules and energy incelen-volts; respetively.

Biological tissuesan reat on the eletromagnett radiation in different ways. The human
body is more or less transparent for the low frequeadio waves and for the X-rays
range. And in the region of mbwaves, infrared and UV ranges the human tisshesra

optical radiation.

Depending on theonditions it is possible to take intecaunt both types of desption of
light nature in tissue op. For example, while studying tissues with regsatacture seh
as flowing bloodcontaining dis-shaped red-bloodells the wave properties of radiation
can beconsidered. Whereas, in thase of thtk and dense tissues,cbuas breast, a model

based on the light propagation as a stream of grgpranta takes an advantage.

For the first time the phenomena of ®temagneit waves was desbed in the form of
equations by Jame€lerk Maxwell in 1865, whih are known nowadays as Maxwell
equations. Maxwell nated in his equations thahanges in the et&ric field determine
changes in the magnetifield, and vce versa. Thus, if we are debing light as an
electromagnett wave it will satisfy Maxwell’'s theory. Below thesequations are
represented in Sl units (Born and Wolf, 1986):

10
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VD = PrF, (22)

dB
— = 2.3
VXE+—=0, (2.3)
VB =0, (2.4)

aD

= — 2.5
VxH=J+—, (2.5)

wherek is the eletric field, B is the magnetiinduction, J; is thecurrent density, ang is

the volumecharge densityD andH are defined by (Born and Wolf, 1986)

D=¢gE+P, (2.6)
H = B M (2.7)
Ho ' .

whereD is the displaement,H represents the magnefield, P is the eletric polarization,
and M is the magnetization. The permittivity and the npeability of the vauum are
represented by, andpy,, respetively. All the Egs. (2.2) to (2.7) must be suppented

with the followingconstitutive relations (Born and Wolf, 1986)

J = oE, (2.8)

B =uH, (2.9)

11
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P = gyxE, (2.10)

whereg is theconduetivity, u is the permeability, angdis the eletric suseptibility.

Thesecoefficients are the individualharateristics of theconsidered medium. Inase of
non-gattering medium the lattean be approximated by homogeneous and isetis#diof
dipoles (Born and Wolf, 1986). Se, 1« andy can be assumed as independent to position
and diretion (Born and Wolf, 1986).

The Maxwell equations may be writtendomplex form as (Born and Wolf, 1986)

V(erg0E(r, w)) =0, (2.11)

VX E(r,0) = iougH(r, w), (2.12)
VH(r,w) = 0, (2.13)

VX H(rw) = —iwe&E(r, w), (2.14)

wherer is the position vdor, ¢, is the complex permittivity, andw is the angular
frequerty of the harmoni fields. From Eq. (2.11) to (2.14), themplex permittivity is
given by

& = 80(1 + )((a))) + i%, (2.15)

Propagation of light is degbing with the help of the wave equations, wwhare based on
the Maxwell equations and presented below (Born\&otf, 1986; Ishimaru, 1978):

12



B. Veksler: Lowohererre optiral methods for express non-invasive bio-raadiiagnostis

2,2

w"n
V2E03a0—+—;75E03w)::Q (2.16)

0

wz 2
V2H(r, w) + ——H(r,w) = 0, (2.17)

Co

wherec, is the speed of light in vaum, andn, is thecomplex refrative index that is
defined by

ne =n+ ik = e. (2.18)

The solutions of the Eq. (2.16) and (2.17) are:

E = Epexp(ikx — iwt), (2.19)

H = Hyexp(ikx — iwt), (2.20)

whereE, andH, areconstant vetors, andk is the wave veor indicating the diretion of
propagation of light. The wave ater may becomplex (Born and Wolf, 1986; Ishimaru,
1978):

k =K'+ ik", (2.21)

wherek’ andk" are real vetors.

Substituting Eq. (2.21) in Egs. (2.19) and (2.20% possible to obtain

13
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E = Egexp(—K"x)exp(iK'x- iwt), (2.22)
H = Hyexp(—K"x)exp(ik'x — iwt), (2.23)

Ejexp(—Kk"x) andHyexp(—k"x) are the amplitudes of the elec and magneti waves,
and (ik'x- iwt) is the phase of the waves (Born and Wolf, 19g6): andk" are parallel,
the waves are said to be homogeneous;ahdk" are not parallel, the waves are said to be
inhomogeneous (sh as waves propagating inceam) (Born and Wolf, 1986; Ishimaru,
1978).

Parts of eletromagneti field (E, H), its eletrical and magneticompounds, areonneted

together with the next quantity, salled Poynting vetor (Born and Wolf, 1986):
S=E x H. (2.24)

Poynting vetor is a rapidly varying futtion of frequery for the time-harmoni fields,

thus, usually the time-averaged form oéteg Sis used:
1
(S) = ERe{E x H*}. (2.25)

For the case of a plane harmeniwave it is possible to represent the time-averaged
Poynting vetor as (Born and Wolf, 1986):

4mtkz

1 ankz
(S) = zncosolEOIZe do e,. (2.26)

The magnitude of the time-averaged Poyntingare which is denoted by the symbplis
called irradiare,

14
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I'=[S). (2.27)
The dimension of irradia®e is energy per unit area and time; and so oftes, térm
intensity is used to denote irradian

From Eq. (2.26) it is not only seen that irradiams in the diretion of propagation, i.ez,;
and therefore parallel t; but also it appears that as the wave transvéingeshedium, the
irradiarce is also exponentially attenuated as action of distare in the propagation
direction (Born and Wolf, 1986).

2.2 Effects of interaction between radiation and medium

2.2.1 Absorption

It is possible to mention from Eg. (2.26) that mg#y during the propagation of light
within the medium is deeasing its value exponentially (Figure 2.2)clsuependete
bears the name of Beer-Lamberts lawdiin, 2002; Thin, 2004):

[ = [je HaZ, (2.28)
wherel, is the intensity at = 0, andy, is the absorptionoefficient.

4rk
Ha =—— (2.29)
0

Therefore, it islearly seen from the Beer-Lamberts law, that theogttioncoefficient u,
is directly proportional to the imaginary pakt of thecomplex refrative indexn., where

n. = n + ik. Heren is the refrative index indtating the phase veliy of radiation of a
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speific frequery in a speific material. This definition is based on the cneacopic
electromagneit term with acontinuum medium assumption (Born and Wolf, 1986hiRno
and Huffman, 1983).

Absorbing medium

Radiation

Ha
T
A Io
@ !
2 i I
= : :
= : !
i l }
0 Z Distance

Figure 2.2. Shematt representation of exponentially@teasing of light intensity due to the absorptiotis z
the thickness of the samplg, is the intensity of irident radiation atz = 0, | is the intensity of signal andg,

is the absorptioroefficient.

The absorptioncoefficient p, is showing the probability of photons absorptionthe
medium. Beer-Lamberts lavan be used for the quantitative measuring of tisembion in
cases of homogeneous and noattering media. At the same time, in the turbid mexq
sweh as breast tissue, the path length of photonsti®lovious and it is impossible to use
Beer-Lambert law direly.
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2.2.1.1 Aspets of absorption in thecontext of quantum theory

Understanding of the peess of absorption of light within the medium is wspible
without detailed desiption of the energati changes in the medium during the light
propagation. Acording to the quantum theory of absorption (BjrE27) the energy levels
in atoms and motalles are quantized. Thiscfas approving with the mroscopic point of
view. The absorptiorran be possible if the energy of theident photon £v) is high
enough tacreate transitions between the energy levels imtblecule, otherwise this exa

medium will be transparent for the radiation witle turrent wavelength.

There are two types of transitions between enexggi$ (Born and Wolf, 1986):
* high energy eléronic transitions (UV and VIS regions);
* low energy vibrational or rotational transitionsliNand IR regions)

On the Figure 2.3 the sgéc diagram representing these phenomena is showeal(lsa
Jablonski diagram). Absorption of the phot@uses eitation to the higher energy level
So — —> S,,. Subsequently the malgle relaxes down to the lowestceed energy level.
Depending on the differerfonditions there are few types of relaxation frora thwest
excited state to the ground state. The relaxatiaralied fluoreserce if the spin state of the
initial and the final energy levels is the samg £ —> S,). Otherwise [; — —> S,), the

relaxation iscalled phosphoregrce.

Fluoreserce and phosphoresrce are radiative pr@sses. Transitions between the same
spin states arealled internakonversion (C), while swh transitions between different spin
states arealled intersystentrossing (I€) (Born and Wolf, 1986). Usually the stable
ground state in most malales is the singlet stat§,(in Figure 2.3), while the triplet states
(T, in Figure 2.3) are unstabledted states with an ineased internal energy. Oxygen is
one of the rare moteles for wheh the lowest triplet state is the ground statecites
molecular oxygen is in the singlet state. This is impottin the photodynarel reation

occurring, for example, during photodynamiherapy (PDT) (Doughertgt. al., 1998).
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There is another type of photon-glten transitioncalled stimulated emission, wdn

happens in atoms.

excited vibrational states

E’n — / (excited rotational states not shown)

A= photon ahsorption

S F=fluorescence (emission)
2 F P= phosphorescent

5= singlet state

T= triplet state

IC= internal conversion

ISC= intersystem crossing

. \‘—T T
ISC IC 2
A F

T
p 1

Energym——y
(¥
=
i e

Electronic ground state

Figure 2.3. Jablonski diagram. Energy levels and the posgilliaways following light absorption by an

absorbing moleule (chromophore).

When an atom or madele already is in an eked state, then an doming photon with
guantum energy equal to thecegs internal energy of that atom or neole, can produe a
second photon of the same energy by stimulating tlkenadr moleule to fall down to its
lower energy state, shown in Figure 2.4. This s phirciple of the light amplifeation
happens in lasers (Light Ampkfation by Stimulated Emission of Radiation). Photons
prodwed by stimulated emission have the same phaseragdefey, resulting in very
intense andoherent light (laser).
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E,

Ephot:}u: hv = {EE'EE) /W\p-
E,

e | é

i

Figure 2.4. Stimulated emission. The el®n in the ekited state falls into the lower state emitting afum.

Here,E}, E, is the atomi energy states;, ;.. iS the energy of emitted photon.

2.2.2 Absorption within biomedical tissues

Inside biologéal tissue, lightcan be absorbed by tissue absorbeafied chromophores.
The probability of absorption inside bio-tissueslezribed bypu,, which is defined as the
probability of absorption per unit length. The aipgion coefficient can beconsidered as
the sum of all thecontributions to absorption byhromophores in the tissue, as the

following

2 =1n(10) elc,, (2.30)

whereef is the molar extietion coefficient, andC, is the absorbetoncentration of the

chromophore. The prodtiof €}C, is in units ofcm™. From Eg. (2.30) it is seen that
absorptioncoefficient is wavelength depended as a result of difteckromophores have
different absorption sp&a. Figure 2.5, shows the absorptionctfze of some important

chromophores in human skin tissue.
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Figure 2.5. Absorption spera of mainchromophorse presented in human skin tissue, asifumof
wavelength (Tehin, 2002; Meglinski and Maher, 2002).

Constituting 75 % of the tissue, water is the magtartant absorber in tissue, dominating
in the UV (<200 nm), and IR {>1300 nm) region (Twhin, 2002). Other important
chromophores in tissue are haemoglobin and meldme. absorption of light by blood
depends on the oxygenated (HbO2) and deoxygenkit@dh@emoglobin. The absorption
spetra shows one sharp peak at about d8for HbO2, while dropping off until 53Am,

the spetra picks up at 540hmand 576hm and finally its lowest absorption takesqador
wavelengths above 600m (Figure 2.5). Melanin is a pigment in hair, skindaeye.
Protecting the organism from UV radiation is the main dtion of melanin in the skin.
Melanin absorption deeases with icreasing wavelength. The low-absorbing region
between approximately 63tmand 1300hmis referred to as the tissue eptiwindow. In

this range, the penetration of light into biokaditissue is at its deepest.
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2.2.3 Refraction and reflection within the medium

Light incident on a surfae of tissue, will be partially reftdéed and partially transmitted as a
refracted ray. Due to intetion of light with the medium, the efféve speed of light is
redwed. This redction is determined by the real part of the refien index of the
medium. The real part of the index of refran is defined as the ratio between the speed of

light in vacuum and the speed of light in the medium.

(2.31)

SHEY

The angle relationships for both refied and refreted lightcan be derived eording to
Fermat's prioiple. Fermat's priciple says that light follows the path of least time
Considering Figure 2.6, the following shows how ke of reflection can be derived from

the Fermat's priniple. The path length, along the light ray from A to B is

L =+a%+x%+b? + (d — x)2. (2.32)

As the speed of light isonstant, wecan obtain the point of reftéon yielding the

minimum path distate by setting the derivative of L with respé x equal to zero

x (d—x)
VaZ+x? /b2 + (d — x)2

(2.33)

which results in

sin §; = sin 6, yielding8; = 6,
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B Reflected
light

Incident
light

Air: ny

8: \Ilransmitted
Tissue: n2 > n4 . light

Figure 2.6. Shematt representation of light icidents to the surtae of a medium. Heré; is the angle of
inciderce, 6, is the angle of refction, 6, is the angle of refretion, n, andn, are refraction indexes in air

and tissue resptively.

The above results show the law of rction. According to the law of refction, a light ray
incident upon a refigive surfece will be refleted at an angle equal to thecident angle
with respet to the normal to the surce. As mentioned in the beginning of thiction, the
index of refration is defined as the speed of light ircuum divided by the speed of lig
in the medium, Eq. (2.31so the index of refction for different mediccan be measured.
Snell's law relates the inglis of refration of the two media to the dutons of propagatio
in terms of the angles to the norrConsidering Figure Z, it is seen that Snell's lecan
also be derived from Fermat's [ciple, by setting the derivize of time equal to zer

(ny <ny).
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M4 n2

Figure 2.7. Shematt representation of light travelling from one medi(my) into another one @ with ni<

Ny, 6 is the angle of iridernce and refration.

Va2 + x? +\/b2 +(d —x)?

= (2.34)
U1 V2
dt X (d—x)
- = - ) (2.35)
dx  vVaZ+x% v,/b? + (d —x)2
sin 64 _ sin 92. (2.36)

%1 U,

If the index of refration is defined a =§ it is possible to represent Snell's law from

(2.36) as

no_ sin 6, (2.37)
n, sin 6, '

In case of unpolarized light the spear refletance R, which is the fration of the refleted

intensity, is given by Fresnel's formula (Born andlf, 1986),
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_1 2,
R 2 \tan? (6; + 6,) + sin? (6; + 6,) (2:39)

1 <tar12 (6; — 0,) sin? (0; — Ht)>
Using Snell’s law it is possible to evaluatecatled critical angle incase of light refleted

in a surfae of two media with different index of reftéon n, < n,. There will be no light
refracted beyond theritical angle; however, all of the light will be refted. For thecase

of internal refletion inside the sample theitical angle is presented as

(T
6. = arcsin (—) = 46°. (2.39)

n;

2.2.4 S$attering of light inside bio-tissues

In tissue optis, turbid biologial media areonsidered as a quantity of ciiste randomly
distributed sattering partiles (Figure 2.8). As the index of reften of these digete
elementspny, is different from that of the surrounding medium),; the relative refrative

index is introdaed as the following,

nS
m=—=1. (2.40)
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Figure 2.8. Process of &attering by a digrete partcle; A, is the sattering element;; is the effetive

scatteringcross- setion, n, andn,, are the refration indexes of the

Light passing through tissuean be attenuated both by absorption anddaytering. Only
part of the light that is transported into the bgial tissue will be transmitted. Light
attenuation in tissue depends on wavelength of ithedent light, and the tissue
charateristics. Here, the cattering will be disussed. It should be emphasized here that
there are two major types afattering event. If the frequey of the sattered wave is equal
to that of the inident wave, it iscalled elast scattering, but if the frequey of the
incident wave and thecattered wave differs, it isalled inelastt scattering. Rayleigh and
Mie scattering are two types of elastcattering. Rayleighaattering happens when the size
of the satterers (moleules and very tiny parfies) are moh smaller than the wavelength
of the ircident wave (up to about a tenth of the wavelendig scattering predominates
when the size of thecatterers are larger than the wavelength of thelé@mt light. In Mie
scattering the intensity of the cattered light iereases with shorter wavelength,
approximately proportional td~2 ; while in Rayleigh sattering, it is proportional ta=* .

It is helpful toconsider the molaular strieture to understand the inelastcattering event.

A molecule is formed by the binding of two or more atomssich a way that the total

e
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energy is lower than the sum of the energies of cihrestituents. The degption of
molecular strieture is considerably moreomplicated than that of isolated atomscgn
apart from energy levelsorresponding to different elonic arrangements, there are also
different statesorresponding to vibrational and rotational. The@wakd internal energy for

molecular strietures of diatomi molecules is shemateally shown in Figure 2.9.

:
fj,:"'—
f p
’,l'-—
. Excited e
electronic state / \
3T _ )
_ Vibrational Rotational
> states states
= 2 B \ /
g
@
i y
T f D1V & 1 0.001 eV
/%
Ground T e
0L —r “

electronic state

Figure 2.9. Shematt representation of the malglar energy levels for diatomimole-ules.

Inelastt scattering happens when theiident light interats with vibrational and rotational
levels of moleules causing transition between these levels, and afjetine wavelength
(energy) of theaattered lighttomparing to the ikoming light, see Figure 2.10. The Raman
effect represents inelastscattering. If the energy of thedilent light is notcorresponding
to the energy separation between twoctetamic levels, still weak aattering effets,
Rayleigh and Ramarcattering, are obtained. As illustrated in Figur@(@.depending on
the initial and final states, energy of photon isgerved (Rayleighcattering), irreased
(Raman Anti-Stokes) and deased (Raman Stokes). In quantumcimaecal theory,

virtual levels are introdted, whth mediate thecsittering.
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Excited
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state Raman Raman Rayleigh
Stokes Anti-Stokes  scattering

Figure 2.10. Schemati representation of energy transitions between mbée energy levels irases of

Raman and Rayleighattering.

Scattering in tissue is due to several ogtieffects; a) refletion and refration of light from
interfaces between materials having different retixee indices, b) refletion of light by
discrete parttles in the tissue ranging from orgamnolecules to wholecells, ¢) absorption
of light rays by atoms and meldes and re-emition at the same wavelength buthero
directions. In all these presses just the diggon of lightchanges due to theattering, and
no energy loss is involved, so they are underdbellelasti scattering. Sattering in turbid
media is degibed by the satteringcoefficient, i;, which is defined as the probability of
scattering per unit length; and aebes the average of how many times per unit lergth

photonchange its diretion. In tissue, &attering is not isotropj but forward direted.
2.2.4.1 Sattering cross- setion, coefficient, and mean free path length

Considering Figure 2.8, the etteve scatteringcross- setion, C; is defined as
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Cs = 654, (2.41)

where A; is the sattering element through theadtering effciency &;. Herce, the

scatteringcoefficient isconcluded as

:uS = Spsﬁ (242)

wherep, is the volume density of theattering elements. The average distaa photon

travels betweencattering events, isalled the mean free path length, and is defined as

l=—. (2.43)

2.2.4.2 Sattering phase furction and anisotropy factor

In biological tissue theattering of light is not isotropj but has been shown to be strongly
forward direted (Twhin, 2002). Also, neither Rayleigh nor Mieastering completely
desgribe sattering in tissue. Therefore, it is vergnvenient to define a probability fetion
p(6) of a photon to becattered by an angk, which can be fitted to experimental data. By
furthermore assuming that tissue is isottopi terms of physial properties (sth as
refractive index, density, et) scattering depends only on the angldetween unit vweor
directions § and §' (Figure 2.11). The angular dependenof sattering, called the
probability distribution funtion and/or the @attering phase fution, is a fumtion of the
scattering angle sih thatp(§,8") = p(9).
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Photon trajectory

Scattering event

Figure 2.11. A sattering eventauses a deflgion at angle from the original diretion § to the diretion §',

w is the azimutal angle.

For light transport in biologal tissue the Henyey-Greenstein dtian is usually applied as

the following (Henyey and Greenstein, 1941):

1 1—g2
p(O) = — (2.44)
T(1+ g?—2gcosh) /2

such that

T

s
fp(@)ZnsinQdQ =1,and f cosOp(0)2nsinfdb = g.
0 0

It is alsocommon pratice to express the Henyey-Greensteincfiom as the fuction of

p(cosB):
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1-g?°
1+g2%2- 2gc039)3/2’

p(cos0) = (2.45)

N =

sueh that

1 1
Jp(cos@)d(cos@) = 1, and jcos@p(cos@)d(cos@) =g,
-1

-1

where 'g", called anisotropy fetor, is the mearosine of sattering angled (g = cos0),
which measures the degree of anisotropy dattering. Figure 2.12, shows a series of

Henyey-Greenstein futionscorresponding to differerg- values.

100+

AT OO ) (W
I
cooooo|T
Lab £R 00 0 LD
[=F=Xd) |

1 I '
-180 -g0 0 g0 180
8

Figure 2.12. A series of plots of the Henyey-Greensteirtfans for different g-values as a fition of

scattering angle (Ishimaru, 1978).
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The g-factor ranges between -1 (for totally dkascattering), and 1 (for totally forward
scattering); whileg = 0 corresponds to isotropiscattering. For most biologal tissues
the value of §§" varies between 0.8 and 0.9541. kowitro tissues in the visible and near-

infrared wavelength regionsy™has been measured to be between 0.7 and 0.9938.

2.2.4.3 Mie sattering

Very often, the sttering medium behaves likecallection of disrete sphetal parttles.
In this case the Mie @ttering, wheh in its pure form deals with spheal parttles, will

dominate.

The Mie-gattering theory alsoalled Lorenz-Mie, was developed by Gustav Mie i108.9
The theory is named after German phigsiGustav Mie (1868-1957) and Danish pligi
Ludvig Lorenz (1829-1891), who independently depelb the theory of edromagnet
plane wave @ttering by a dielgric sphere. Mie-attering theory provides rigorous
solutions on the basis of eteomagnett theory for light sattering by an isotropisphere
embedded in a homogeneous mediurtoiding to Mie theory, thecattering properties of
non-absorbing homogeneous pdei is desribed in terms of two parameters; the
magnitude of refretive index mismath, and the size of the sueta of refrative index

mismath as the following,

x = 2na(Any), (2.46)

where a is the size of spherel is the wavelength of #dent radiation and,, is the

refraction index of sattering medium.

In general, when the patie diameter is similar to the light wavelengthhlignterats with
the paritle over an effetive cross-setional area larger than the geomedticross setion
of the parttle. The Miecalculation output provides thigatteringcross setion, C,. Often
this parameter is divided by the geometkicross-setional area to give a dimensionless

scattering efftiency parameter:
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Cs
6 =2 (2.47)

whered; is the efftiency of scattering andd; = a? is the true geometial crosssetional
area of the pattie. The sattering coefficient can be related to thecattering number

density,p,, and thecross-setional area of &ttering as,
ts = psCs. (2.48)

Scattering plane Scattering angle 8

Fhantom
/,.ﬂ—\-.r’
Polarizer =
Ells' \
Detector E —p Scattering event
15
E_i
Polarizer

Source

Figure 2.13. Schemati representation of singlecattering eventonsidering the inident and the @attered
light component, wheret;; and E,; are the parallel and perpendilar components of iident field

respetively, E;; andE, ; are the parallel and perpendilar components ofcittered field respeively.

From the mathematl point of view, Mie sattering can be desibed briefly by

considering a soue, a sphecal sattering partile, and an observer whose three positions

s
32



B. Veksler: Lowohererre optiral methods for express non-invasive bio-raadiiagnostis

define a planecalled the sattering plane. The #édent and the attered lightcan be
redwed to theiromponents wieh are parallel or perpenudilar to the sattering plane, see
Figure 2.13. As it is seen from the figure, theaflet and perpendular componentgan be
experimentally selged by a linear polarization filter oriented pagalbr perpendiular to

the gattering plane.

The sattering matrix desibes the relationship between theident and sattered eletric

field components perpendilar and parallel to theattering plane, as the following

E”S] _ &Xp (=ik(r —2))[S, ~§3] [Elli]' (2.49)
1

E —ikr S4 Ey

where E;; and E,; are the parallel and perpeadaliar components of icident field
respetively, E;; andE ; are the parallel and perpeadlar components of attered field

respetively, r is the distace from the satterer.

The exponential term in Eq. (2.49), whiis a transport tdor, depends on the distan
between thecatterer and observer. If one measukedtered light at @aonstant distasce '
from the satterer, then the transportcfar becomes aconstant. The total fieldE¢,;)
depends on the ¢ident field E;), the sattered field E;), and the interdion of these fields
(Eine)- In practical experiments, if one observes thattering from a position, wtih avoids
E;, then bothE; and E;,; are zero and onl\E; is observed. In prtéical sattering

measurements, Eq. (2.49) simplifies to the follayyin

I 1S212 0 [
5] :const[ (2) |51|2] l], (2.50)

IJ_s IJ_i

wherel; andl,; are the parallel and perpeaaliar components of igcident light intensity
respetively, I;; andl ; are the parallel and perpeadar components of cattered light

intensity respetively.
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For unpolarized icident light, itcan be shown that

Sll

=g, (2.51)

Es

whereS;; is identtal to the first element in the salled Mueller matrix and in thisase is

defined as

1 1
S11 =z|51|2 +§|52|2- (2.52)

2.3 Summary

Electromagneit theory of light-tissue intecéion which is taking into acount individual
charateristics of radiation was presented in therrent chapter. There are number of
computational models based on this theory. The fl@sbus is Miecomputational model
for spheres wish is possible tawompute the &ttering properties of suspension of latex
spheres and tissue phantoms (Hie¢s et al, 1997; Kohlet al, 1995). However, Mie
theory has limitations that are making impossilblesimulate multiple light @attering by
the number otells like in bio-tissue wieh is the problem of interest for us. Thus, fotlsu
purposes another theory, whiis called radiative transfer theory, is usually empbbyad

will be desribed in the nexthapter.
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Chapter 3. Radiative transfer theory

In previouschapter the individuatharateristics of radiation desibed with the help of
electromagneti wave theory were presented. However, the wayrdate adequate model
of light propagation within the tissues is ¢onsider the propagation with the help of
radiative transfer theory (RTTL&se and Zweifel, 1967) bause RTT is desibing group
and complex properties of radiation. In thibapter, the mathemaél aspets of RTT in

scattering media will be desissed.

The phenomena of energy transfer in different mediaich is possible to absorb and
scatter radiation, have been of interest for a langet(lshimaru, 1978; Pomraning, 1973).
Study of the absorption of ekleomagnet: radiation by the atmosphere was one of the first
reseach in this field of interest. This problem was alwagssentially important for the
astronomers investigating the radiation from th@ &od other stars (Howell and Siegel,
1972). The emission of gases has also been oesitéar astrophyss in terms of studying
the stars. Based on these investigations RTT wa®laged (Chandrasekhar, 1960;
Sobolev, 1963; Mahuk, 1976; Thomas and Stamnes, 1999; Matzler, 2000)

RTT isconsidered basing on the results of Maxwell’s themfrgcattering on maroscopic
particles (Mie sattering) (Wang and Wu, 2007). The properties gfhgsial medium
where the preess takes pte are taken intocaount by a set of theoefficients, wheh are

defined experimentally or lyalculations (Wang and Wu, 2007).

RTT can be used for real media only with some ptatsassumptions (Peraiah, 2002;
Wang and Wu, 2007):

. the use of the geometal optics approximation, where the wavelength of radiation

is significantly lower than thecale of variations of m@o-system’s parameters.

. the distane between paxies essentially e’eeds the radiation wavelength. The

particles don’t overlap edn other, so there is no interfepenbetween them. The total effe
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of electromagneti field interation with a number of paxiies can be represented as a sum

of the interations on eah partcle.
. relation of the size of pactes and the wavelength is arbitrary.
. only three ats are taken intocaount: absorption, emission anchftering.

The fundamental differee between transfer theory andetlemagnett theory lies in the
difference of desription of light propagation. Irclasstal eletromagneit theory light
propagation is represented as a superpositioneofr@nagnet fields, however, RTT is
based on the superposition of energy flux. Sohénlattercase the wave properties of light

(e.g. polarization, interferen, and et) are notonsidered (Weh and van Gemert, 1995).

There are on the other hand also similarities betwibese two theories (Sudarshan, 1981,
Peraiah, 2002). For example, while in olemagnett theory the Poynting or S
expresses the energy transport oétetenagnett waves, in transport theory equivalensof

is the flux vetor F . In addition, the radiant powé transferred through a suegawith the

aread in eleetromagnet theory,
P= f S-ndA, 3.1
A

can becompare with the powe? (//s = W) transferred through a sucgawith the area

within transport theory (Peraiah, 2002),

P F-n dA. (3.2)

I
B
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3.1 Transport theory

To be able to desibe the propagation of light in turbid media, st essential to explain
some of the important op#l parameters, wtih are used in modelling of light propagation
in turbid media. Therefore, the propagation of phest the radiase, fluerce rate, and flux
are introdeed below (Weth and van Gemert, 1995; Peraiah, 2002).

3.1.1 Photon distribution function and photon power

The photon distribution fution N(r,8), is defined as the number of photons per unit
volume moving in the dikgion of unit vetor g, in an element of solid angé®ntainings,
divided by that element, at a given poinfWelkh and van Gemert, 1995). The power of
the photons that propagate through the infinitesan@adA in the infinitesimal solid angle
dw in the diretion of g, with velaity ¢, and energyw (per photon) is defined as (Whl
and van Gemert, 1995)

dp(r,8)[Js™t = W] = N(r,8)dA dw c; hv, (3.3)

wherec;, is the veleity of light in tissue §; = c,/n). Note thaidA is perpendiular tos.
3.1.2 Radiaree

In framework of transport theory the propagationlight is modelled in terms of the
radiarce L(r,S) [W /sr], Figure 3.1(a).

Radiare is the quantity used to deibe the propagation of photon power witlrextain

direction g, through a small suréa dA (Welch and van Gemert, 1995),

dp(r, s
L 9) = T 34

37



Chapter 3. Radiative transfer theory

Herce, it is possible to obtain the radignby multiplying the light distribution fusion
with the speed of light and energy of the photanthe medium as following (Weh and
van Gemert, 1995),

2
hcf
)

L(r,8) = N(r, §)T (3.5)

whereh is Plark's constant and the wavelength of light inside the medium.
3.1.3 Flueree rate

The fluerre rate®(r) can be represented as the integral of the radiamer all diretions,
Figure 3.1(b). The advantage of usage of fteerate in biomedal optics is the fat that it
des<ribes the propagations of photons in all dil@n. The fluere rate is defined as,

o(r) = fL(r,§)da). (3.6)

41

In this equation®(r) shows the total power dident on a small sphere at positien

divided by thecrosssetional areadA of the sphere (Weh and van Gemert, 1995).
3.1.4 Net flux

The net flux is defined in terms of radi@nas the sum of elemental fluxcarding to
Figure 3.1¢) (Welkh and van Gemert, 1995),

F(r) = jL(r,§)§dw. (3.7)

41
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Figure 3.1. Representation of the three important egltiparameter in transport theory: (a) the radign,
(b) the fluewe rate®, and ¢) the fluxr.

From Equations (3.5) and (3.7), it is possible itam the power igcident on the right-hand
side of surfae 4 in Figure 3.1(a) (Weh and van Gemert, 1995),

P= j j L(r, $)(37)dwdA. (3.8)

A 21

Light incident on tissue is always used in different biore@dapplcations of lasers. So, to
desribe the amount of indent radiation socalled irradiame E, [W/m?] is usually
applied. The latter value is defined as the radésergy flux irident, on an element of the
surface, divided by the area of the suda(Wekh and van Gemert, 1995). There are three
ways of irtident light behaviour after irradiation of the tigs one portion of radiation is
reflected, and other portions are attenuateddaytering and absorptior@rding to Beer's

law:

®(d) = Eo(1 — R)exp(=(uq + ps)d), (3.9)
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where @(d) is the flueme rate due to the ueceitered beam at positiod, E, is the
irradiarce, andR is the Fresnel surée refletion (Wekh and van Gemert, 1995). The

penetration depth is definedcarding to the total attenuatiaoefficient, u, = u, + us as,
§=—. (3.10)

3.1.5 Radiation transport equation

Let’s consider photons travelling at speedn direction § within a small volumedV'.
According to the law ofconservation of energy the photonan only be added to or
subtrated from the photon distribution fation in speifi ¢ interactions. Therefore, the first
term of the transport equation debes thechanges in the photon distribution tdion with

time, Figure 3.2(a),

ON(r, $,t)
_— 3.11
| =2, (311)

%4

wheret is the time.

On the other hand, the part of the photons is dlosing their penetrations through the
boundaries within the tissue. Theceed term of the transport equation expresse$ su
losses (Welh and van Gemert, 1995), Figure 2.2(b):

—jg c¢N(r,§,t)sdS or — f c¢SVN(r,§,t)dV. (3.12)
s 4

The absorption of the é@ming photons the dicdon 8, Figure 3.2¢), can be degibed as

the next expression, wdhi is the third term of the radiation transport eoma
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—f cu,(r)N(r,s,t)dv. (3.13)

14

There is alsoattering effet in the desribing system. It is expressed with the help of the

next two terms. The first one shows the photamastering from diretion § into any other
direction §', Figure 3.2(d),

— f cus(r)N(r,s,t)dV. (3.14)

%4

And the seond yields the photons gained throughttering from any dirgion §' into the

direction s , Figure 3.2(e)

j cps(r) f p(8',3)N(r,3', t)ds'dV. (3.15)
14 4T

The last term of the radiation transport equatigpresses the photons whiarecoming
from a light soue "q", Figure 3.2(f),

j q(r,3,0)dv. (3.16)

14

Combining Equations (3.11) — (3.16) it is possildebtain the final transport equation:
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V= —f c¢SVN(r,§,t)dV — f cu,(r)N(r,s,t)dV
v v

ON(r,3,t)
—d
| =5
v

(3.17)

—f cus(r)N(r,§,t)dV+f cus(r) jp(§’,§)N(r,§’,t)ds’dV+f q(r,§,t)dv.
4T

14 14 14

Lin = Lout Lin .
e e

(a) ﬁ (b) (c)
K out )
/
. (A ]
Qb:'e & 5 Lin

(d)

Figure 3.2. Schemati representation of the transport equatioomponent terms. (a) The energy of the
photons in volume V, (b) losses through the bouedarc) losses due to absorption, (d) losses due to
scattering, (e) gain throughcattering from any diretion to direction § , and (f) gain due to a light sate

within volume V. Here;l.and Ly are input and output radiates respetively, 8 is the gattering angle.

It must be mentioned that there are few assumptiotisecurrent analysis. First of all, the
energy of the non-absorbed photons is the samenglwil interation. Seondly, the

scattering is elasti And thirdly, only monohromatt radiation is taken intocaount here.

The time-dependent transport equation is obtairad the Eq. (3.17) by using the volume

integrals:
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19L(r, §,t)

c at + §VL(r; §I t) + (.Lla + MS)L(r; §; t)

(3.18)
= U f L(r, 3, t)p(8,8)ds" + q(r,§,t).

4T

The transport equation is presented above. Howésgesplution should be found, damuse
in other case it is useless. S it is very diffcult to solve the transport equation
analytically, various numetial and approximation methods are employed. Theshaus
are classified in three groupsalled expansion method, probabikstmethod, and
discretisation method.

3.2 Diffusion theory

Diffusion theory is the way of solving the transpequation from the group of expansion
method. We need to find the solution of the homegeis part of the equation and expand
the general solution in terms of the obtained hagnegus solution(ase and Zweifel,
1967;Case, 1960).

In diffusion theory, the radiae (L), the phase fwtion (p), and the sowe furction (q) of
the transport equation Eq. (3.18), are then expamdespheral harmonés. Here, the

expansion ot can be written as (Weh and van Gemert, 1995; Peraiah, 2002),

1
1 3
L(r,5,¢6) = /ELoo(r,t)YOO(§)+ /E Z Ly, () )Yy (5). (3.19)
m=-1
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It is possible to find the four unknownsg, andLq,, (m = 0,4+1,—1) by inserting the
above expression into the transport equation, £48jf, and integrating ovdr (Case and
Zweifel, 1967).

Another approéh is to observe thdf, is a salar and that;,, (m = 0,41, —1) represent
the threecomponents of a wor, and thus the radia@can be expressed by them aage
and Zweifel, 1967)

L(r,$,t) =A(rt) + B(r t)s. (3.20)

The radiane iscomposed of an isotroppartA(r, t) and an anisotropipart B(r, t) that is

A

the linear gradient of the photon distribution dtion, § is the vetor of gradient. The

fluence ratecan be obtained by inserting Eq. (3.20) into EG)3.
&(r,t) = 4mA(r, t). (3.21)

Therefore, the net flux from Eq. (3.9an be shown as
F(r,t) = 4?”5(1”, t). (3.22)
Substituting Equations (3.21) and (3.22) in Equa{®.20), we will obtain the radiae:
L(r,§,¢t) = ﬁ(q)(r, t) + 3F(r,t) - 3). (3.23)

As it was mention above, the light soerr(@) is isotrope. Herce, its expansion into

sphercal harmonds will be
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1
$t) = — , 3.24
Q(r, S, t) 47 4o (T', t) ( )

Consequently, the transport equatican be written as the followingCase and Zweifel,
1967),

%%(QD(r, t) +3F(r,t)-8) =

—§-V(®(r,t) +3F(r,t) - 8) — (ug + u) (@@, t) + 3F(r,t) - §)

(3.25)
+s [ (51,9)@G0) +3FG0 - 9d5' + 01,0
4T
Considering theattering phase fution Eq. (3.25) is recied to
10 _ . )
—a(fb(r, t) +3F(,t) - 8) = — (8- V+ g )o(r,t)
¢ (3.26)
—3(5 V4 pg +uYF@r,t) -5+ qor,t).
If we integrate this expression we will obtain:
109(r,t _
T @)~V F () + a0 (3.27)

On the other hand, if Eq. (3.26) is multiplied $@nd then the integration é¢arried out, it

results in Case and Zweifel, 1967)
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10F(r,t) 1 -
ot §V‘D(T‘, t) — (uq + pus E(r, t). (3.28)

The Equations (3.27) and (3.28) are thedagquations of diffusion theory.

By eliminating the dependent variable F, these ®guationscan be redeed to one
equation. The steady-state solution of Eq. (3.28sgnts kk's law Case and Zweifel,
1967),

F(r,t) = =D(@)Vd(r,t), (3.29)

where the diffusioroefficient D is expressed as,

D) =3 vy 3.30
) = 3+ 1) (3:30)
Herce, the time-dependent diffusion equation is obthms
10P(r,t
c (gz ) DIV D) + () = a0 (3.31)

It should be mentioned that the diffusion equai®nalid only if the propagating light is

diffused. Thus, the redad satteringcoefficient is muh larger than the absorption, i.e.

s >> g (3.32)

Another assumption is that the light must be dd#flisvhen it reehes the detdor.
Consequently, the sote and the det¢éor need to be separated in epand time. It has

been shown that diffusion theory is ¢narate in apptiations that involve strdures near
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the surfae of the medium, small saig-detetor distares, and geometial configurations

with sharp disontinuities of the @attering properties (Wang andcdaes, 2000).
3.2.1 Time-domain and point souee solutions

Let’s consider an infinite homogeneous medium or a medwmith simple boundary

conditions. And let the soce in that media will be a short pulse isotropoint souce, i.e.

qo(r, ) = 6(0,0), (3.33)

whereé is Dirac’s delta furction.

For thatcase the solution of the diffusion equation is agare furction expressed agése
and Zweifel, 1967; Peraiah, 2002),

2
&(r,t) = Qc(4nDct)™3/% exp <— 4;ct — ,uact>, (3.34)

whereQ; is the energy of the short pulse from the pointremat ¢ = 0) andr is the radial

distarce from the souwe.

However, the soge furction can be degibed by an isotropi point souce only incase of
illuminating of a point on the tissue suréa In thecase of illuminating of the small spot it
is possible to use the set of isotkopoint souces with an exponentially day strength,
proportional toexp[—(u, + us")z], wherez shows the distae from the boundary. Thus,
the fluerte ratecan becalculated from an integral of Green’s fttion for souces at all
depths Case and Zweifel, 1967).

The representation of thase of isotropi scatteringcan be simplified by assuming that all

the ircident photons are initiallycattered at a depth equal to the mean free path 1/
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us’), Figure 3.3. Here, sote can be approximated with the simple deltaetion, as the
following (Pattersoret al.,1989),

qo(r,t) = 8(r —1p)6(2). (3.35)
T,
o+ O
Tissue
(a) Zy (b)

Figure 3.3. Shematt representation of the two possilelenfigurations of the point soce. (a) Acontinuous
line of soutes with an exponential day, and (b) the soue at a depth of = 1/u,", represented by delta

function, z, is the initial position of the point sae.

The boundaryconditions must beconsidered while solving diffusion equation. There
should be no photon flux blainto the turbid medium at the swtawhen the refrdive
indices are mahed. A good approximation is to intragiu a virtual, or extrapolated
boundary £ = z,.), and there applg = 0 (Farrelet al., 1992). For index mahing, one
can derive the value, = 2D (Ishimaru, 1978). Irtase of refretive index mismathing
there will be an internal reftdon at the boundary and the latter disgrwill change
(Farrel et al., 1992; Haskellet al., 1994). Forn = 1.4, an extrapolated boundary at
z, = 5.5D is appropriate. The method of images or negatireomsouces, is introdued

to set the fluete to zero at the extrapolated boundary (Haskedll., 1994). As it is shown
in Figure 3.4, the point sate z = z,, IS mirrored inz = —z,, resulting in a negative

souke atz = —(2z, + zg).
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Virtual _| (22:+20) o -
source '
F 3

R ()
Extr. boundary | -z,

Real B o +
source

Tissue

Figure 3.4. Schematt picture showing the prisiple of an extrapolated boundary at= —z,, with@ = 0. A
dipole souce is pla-ed symmeteially around the extrapolated boundary, with a piesitpart at z =z0, inside

the medium, and a negative partzat —(2z, + z;).

If the observation of the radiem is made at a diste@ from the soue that isconsiderably
larger than the extrapolated boundary length, #re radiane at the physal boundary is a
valid approximation; but at too short distas, the diffusion approximation is not valid.

For a semi-infinite homogeneous media it is possiblobtain simple solutions. The time

resolved diffuse refldance is expressed as the following (Pattersbal.,1989)

4Dct

2 (3.36)
+ 2z,)exp <— 4Dct>]'

1 2

Thecorresponding steady-state diffuse retidece is expressed as
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exp (— UeffT: 1)

R(r) = [—Zo Hefr + )
n 7‘1

+ (2o

(3.37)

)

>exp (- .ueffrz)

+ Zze) (:ueff T‘
2

where

1
Uerf = /lz)—a 1= fzg +712 .1, = /(20 + 22.)2 + 12,25 = .U_  Ze = bzy.  (3.38)
S

Here, 'b" is dependent on thetaal Fresnel reflgion coefficient, for exampleb = 2 for a

typical tissue-air boundary (Peraiah, 2002).

The total diffuse light whh is transmitted through a homogeneous sampletéstdd on
the opposite side to the soarandcan be represented as

T({d,t) = (4nDc)” YVat=5/ exp(—uqct) (d — zy)exp|—

(d + 2)? (3d —z)*
+(d+ ZO)exp[ Dot ] +@d - Zo)exp[_ W] (3.39)
— (3d + zp)exp —%l’

where 'd" is the thtkness of the slab.

Fitting the analytial solutions of Eqgs. (3.36) and (3.39) to a meabusdlectance or
transmittare curve, will provide an estimate of opal propertieu, andy,’. The g-value

can never be evaluated with diffusion theory.
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3.2.2 Frequery domain solutions

Sinusoidal modulated light sa with frequeny f is used to lauth photons into the
tissue incase of frequerte domain (Welh and van Gemert, 1995). There are two
components of soue fluerce rate:AC(®,) andDC(P,). Thus, the photon density waves
are generated, wéh are propagating within thnsidering medium with rapidly daying
DC and AC amplitudes. These photon density waves arerit@sg with the net fluece
rate whth can be represented with the following expressionskdld et al., 1994,
Tromberget al.,1993):

®(r,t) = DC(r) + AC(r)exfdi(k; — wt)]

~He _kr .
— p, 22 - 17 | P (r Dexplitier —wn)), 340
where
Hay /2 Y 3.41
/JEff:(D) = (Bua(tta +1s)) /2. (3.41)

In comparison between light propagation in time donaaid in frequecy domain itcan be
said that in applying short pulse tocatering medium, this pulse is broadened in time du
to propagating to many paths between sewand detegor. Then, the observed quantity is
the number of photons rdang the detetor per unit time at a given timé(t). However,

in frequery domain, applying the sinusoidally modulated liglduce, the observed
guantity at the detgor, are the phase angle between thectiateand the sode, and the
amplitude of the asllation relative to the © level. In thiscase, the photon flux at the
detector will be sinusoidal in time but the @dation will be delayed in time relative to the
souke and redeed in amplitude relative to the average flux. Tineetdomain signah(t)

is linked to the modulation and phase by Fouriangformation so that any information
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obtained in the time domauan be obtained in the frequgndomain, as well (Weh and
van Gemert, 1995). However, there are a few adgastaf using frequeny domain rather
than time domain soces seh as narrow band and noise resistant measurements i

frequerry domain measurements.

3.3 Summary

Radiative transport theory as a method ofcdpon of groupcomplexcharateristics of
radiation was presented in th@rrentchapter. The equation of transport is equivalerh&
equation of Boltzmann’s kinetitheory of gases and to the equation of neutramspart
theory Case and Zweifel, 1967). RTT is salled deterministi model and is possible
successfully desribe the transport of photons within the mediumwduer, there are some
diffi culties in appltation of this model. Although RTT toomputationally fast therean be
losses in ecuracy espeially in cases of inhomogeneities in biotissues orcstmes with
complex geometry. Additionallygoherere propertiesannot be taken intoceount with
RTT. Therefore, it is essentially important for guurposes to employ Montéarlo method

which represents stbastt models and is possible to avoid ditfities listed above.
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Chapter 4. Monte Carlo simulation as acomputer method of

Radiative Transfer Equation solution

4.1 Principles of Monte Carlo method

The MonteCarlo (MC) method is rapidly h#ming the model othoice for simulating
light transport in tissue. Puiples of the simulation of optal/laser radiation propagation in
biological media by M technique are desibed widely (Bonneet al, 1987; Keijzeret al,
1989; Prahlet al 1989; Meglinski and Maher, 2001;Churmakov, 2005). Thus, the
authors’ aim was not to developvmodel again but basing on the existoagnputational
model, wheh was developed i@ranfield University Churmakov, 2005), improve it with

including of thecoherere properties of light and polarization in th&Mode.

In MC technique, every simulation is based upon eventshppen randomly, and so the
outcome of acalculation is not always absolutely prewible. This element otharce
reminds one of gambling, so the originators of Mante Carlo teehnique, Ulam and von
Neumann, called the tehnique Monte Carlo to emphasize its gaming aspeMC
simulationscan be used for simulating all kinds of pelditransport. Mainly it has been

developed for neutron transportdombination with nadlear reations.

In tissue optis, MC modelling is used as actenique for desribing light transport in tissue,
based on the transport equation and the randomatakotons in absorbing andagtering
medium. In thiscase, the photons areonsidered as neutral paftés and all wave

phenomena are negted.

In MC simulation, a photon pkage is traed through the tissue until it exits or is
terminated due to absorption. Many phkgsiparameters of the photoncgage suh as the
distribution of absorption, exiting position, tinoéflight, etc can be logged. By repeating
the traking pracess for a large number of photorckages, it is possible to obtain statisti
for these physal quantities. In M' simulations, the key desions are the mean free path

for scattering or absorption events, and thattering angle. The number of photons needed
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depends on the problem and the wantediacy. Another aspe of the MC simulations is
that they are based on enascopic optical properties (,, us, andg) that are assumed to

extend uniformly over small units of tissue.

The main advantage of ®method is that there is no limitatiaroncerning boundary
conditions or spatial kalization of inhomogeneties in the tissue. On tteeohand, the
main drawbak of MC is the problem of getting good staiisti partcularly if the point of
interest is loated far away from the point of entry of the ligind the sattering and
absorptioncoefficients are high. For sampling the random variable KC simulation, a
probability densityp(x) is considered, whih defines x over the interval < x < b swch
that:

b

fp(x)dx =1. (4.2)

a

The probability that x will fall in the intervdla, x] is given by the distribution fuetion

E.(x;) as the following,

X1

auo=jmmw. 4.2)

a

By using a random number generator, oae obtain a random numbérin the range of
[0,1]. The probability density fution for this random number is 1 in the rarj@¢l], and
thecorresponding probability distribution is as thddaling,

J1
&mj=fm0ﬂ=aﬁosas1 4.3)

a
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This means that the gded random number gives the integrated valug(®), which is the
bast equation for sampling random variables from noirfeum distribution using

uniformly distributed random number. This equat®defined as
X1

{=E@) = f p(x)dx. (4.4)

a

The simulation is based on the modelling of largenber of possible trageories of the

photon pakets from the soge to the deteor (Figure 3.1).

Ll L

Figure4.1. Schematt presentation of Mont€arlo method. S and D are the seerand detetor

respetively.| is the photon p&ket pathlength between i-th and i+1-ttattering events.

Modelling of an individual photon pkets trajetory consists with a sequea of the
following simulations: photon pathlength generatiorscattering events and
reflections/refrations on the medium boundary. The initial and fistdtes of the photons

are determined by the searand the dettor geometries and numeal apertures.

Photon pathlengthcan take any positive values with the probabilitpglgy furction:
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p(D) = ue exp(—uel), (4.5)

where u; = us + 1, is the extistion coefficient, u, and u, are the eattering and
absorptioncoefficients respetively. Independete of the absorption andattering in the

medium allows simulating them separately. So, thdlpngth of a photon is modelled as:
[ = _In®
4

S

, Whereg is a uniformly distributed random number between@ 1.

Following earlier works (Flek et al, 1989; Keijzeret al, 1989) we use homogeneous phase
function, relative to the mutual orientation ofctersu andv, which are the photon pket
directions before and after theadtering respeively. This furction is known as a Henyey-
Greenstein@attering phase fution:

1 (1-4g%
4 (1 + g% — 2g cos 0 )3/%

p(u,v) = p(cosh) = (4.6)

whereg is the anisotropy tdor. To make the progress @fordinates smoother wenvert
angles to their dikgion cosines. Initially photon pkets are emitted perperdiar to the
medium surfae, so the initial diretion cosines represent ag = 0, u, = 0 andu; = 1.

New values for the dirdional cosinesy,, v,, v; arecalculated as:

1 1
T2 Uiz — 12 Uz U
Uy 1 1 sin 6 cos ¢
(Vz) = |l TTmstets T/t W (sinH sin <p>. 4.7)
V3 1—uj 1—uj cos O
— |1 —u? 0 Us
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The speular and internal reflgion on the medium boundary is taken int@waunt by
splitting the photon pket into the refleted and the transmitted parts, the weights ottwhi

are attenuated as:

M
W= (1= RO))(1 - R)Wo || [REOD| (4.8)
p=1

where W, is the initial weight of the photon pleet, M is the number of photon geet
reflections/refrations on the medium boundar®;, is the Fresnetoefficient relating to
the initial refletion on the medium boundary swéa when photon p&et enters the

medium,R(6;) is the Fresnel reftéion coefficient.

The photon péket tracing is generated until its emping at the detéor or leaving the
medium. The simulation of a photoncpgat tracing is stopped when its statisdl weight is

less than 18, or a photon pzet has beencattered more than f@imes.
4.2 Assumptions used in the modelling

Let’s represent the field of ¢rdent lowcoherent optial radiation in the form of the plane-

wave spetral decomposition

(o]

Ey(r,t) = f dof(w — wy)exp (—iwt + ik - ). 4.9

— 00

Here,w is the frequety andk is the wave veor satisfying the dispersion relation

k%c3 —n(w)w? =0, (4.10)
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wheren(w) is the refrative index of the medium disregarding random inhgereities or
scatterer partiles andc, is the speed of light in vaum. We assume that the spal

distributionf (w - wy) is Gaussian with the half-width andcentre at the frequeg w,:

flw- wo) = %exp [— %] (4.12)

Disregarding the dispersion of the retrae index in the frequety band w, + Q, the

wavenumbectan be represented as

k ~ : (4.12)

wheren(w,) is the refrative index at the frequen w,.

When desribing laser radiation pulses in the frequerspae, the FWHMAv of the
frequerty spetrum of pulse intensity is used instead of the-atfth of the Gaussian in

units ofcyclic frequery Q:

Q = (In2)"Y2mAv. (4.13)

The coherere lengthl,. of incident radiation is defined as the total lengthha pulse in

which it is halved:

;o 2n2 < (4.14)
T Av

or
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2
| =22 A (4.15)

T o AX

Here,AZ is the FWHM of the wavelength sfirim.

When investigating the multipleattering effets, only a salar field is usuallyonsidered
with thechange of the Maxwell wave equation to the Helmhetimation. Thecalar field
E(r,t) scattered by dieldric-constant inhomogeneitieds(r) in the random medium is

des<ribed by the wave equation

E(r,t) = Eo(r,t) + f drdt'T(r —r',t — t)Ae(r) E(r', t), (4.16)
where
k? r r
_ _ _r 4.17
T(r,t) 2y EXP ( 21) 1) (t c)' ( )

is the spee—-time Green’s fution in the homogeneous medium with themplex
refractive indexn(wg), Ae(r) is the dieletric-constant fletuations,c is the speed of light

in the medium,

[ = <Zlm (@)) , (4.18)

is the photon mean free path. Integrating the wageation, the random fieldan be

represented in the form of the series
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E(r,t) = E)(r,t) +

0 n (4.19)
Ir —r,| + R,
+ Z f HAs(ri)driTs(r —1y) .. Ts(r, — 1)) XEg| 1y, t =88 ),
n=1 i=1 ¢
where
k? exp(ikr
1@ = o) (4.20)
is the stati field Green’s funtion and
R, = Z |5y = 14, (4.21)
1<js<n

is the opteal path length between the pointsandr, including n gattering events.

The averaging of the produof the field by thecomplexconjugate field over thecatterer

configurations yields the mean intensity

I(r,t) = Iy(r,t) + L. (r,t). (4.22)

Here,

Iy(r,t) = KE(r, )%, (4.23)

is the non-flgtuating intensityomponent and
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L. (r,t) = (SE*(r,t)SE (1, 1)), (4.24)
is the sattered radiation intensity, where
SE(r,t) = E(r,t) — (E(r, 1)), (4.25)

is the field flwctuations.

When averaging over the random inhomogeneitiestetimes of prodets of seriegontain
multiparticle average flotuations of the permittivity. Owing to randomization the phase
difference appearing in multiplecattering, only the ieoherentcomponent (ladder in
diagram terms), whh desribes the sequers of sattering events for field§E andS§E™
for the same sequem of dieletric-constant flgtuations, remains. As a result, thatsered
radiation intensity at the observation pomt at instantt; can be represented as the

multiple sattering series

L (rg, tg) = Z L, (rg, tg). (4.26)
n=1

Thenth-order sattering intensityontribution has the form

an =
Ly(rg, tg) = (Z)—(?) X 1_[ j der(qj)A(rj+1 - rj)lo(rbtl)' (4.27)
=1

J

where the Fourier transform of therrelation furttion of dieletric-constant flgtuations,
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G(q) = j (Ae(rpAe (1)) exp[—iq(r; — 1)ldr,, (4.28)

is the differentialcross setion for single sattering up to the normalizationctar. The
vector q; desribeschange in the wave wtor at the pointr; of thej-th sattering event;

4, for n scattering eventsoincides with the observation point,,; = r;; and

2
Ip(ry, ;) o exp (—QZ (t- E) ) = exp(—4In2(ct — )22, (4.29)
is the irtident radiation intensity. The fation

exp[—|r; — r,|/1]

A(rl - rZ) = Ir1 _ l'2|

, (4.30)

desribes the propagation of intensity between two satjal attering events. The instant
t; determines the time pessary for a ray undergoimgscattering events to arrive at the

observation point at instanj:
Ry
t =ty — (Ird —rl + I + T)' (4.31)

In multiple gattering problems, of key importemis the optial theorem

(‘;)—;’)4 f do2G(k, — k) = 51, (4.32)

which relates the cattering lengthl; andcross setion for single sattering. The photon

mean free pathand sattering length; are related as
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1—1+1 4.33
11 (4.33)

wherel, is the absorption length due to inelastiattering.

4.3 Summary

MC method of simulation of light propagation withinetcomplex media was presented
above. As the basis was taken existiogiputational model, whih has been developed in
Cranfield University Churmakov, 2005). It was improved withclnding of thecoherere
properties of light and polarization in theOvtode. These refiéed on the ecuracy of
modelling and inreased value of theode for the optimization of the experimentalD

setups. The results of Mmodelling are presented in the sixtiapter.
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Chapter 5. Low-coherence optical techniques and their

application

5.1 Optical Coherence Tomography (OCT)

Optical Coherere Tomography (OT) is hot topt of reseath for a few deades (Huangt
al., 1991). Lowcoherenre interferometry (Cl) lies in the basis of OT. Prirciples of LCI
were firstly introdeed by Sir Isaa Newton and later again by feber et al Danielsonet
al., Youngwistet al, and Takadat al, among others (Danielsagt al., 1987; Fecher,
1986; Fujimoto, 2002; Fujimoto, 2003; Masters, 1,998kadaet al., 1987; Younguiset
al., 1987; Kuboteet al.,1987).

OCT is an imaging tehnique analogous to ultrasound. The diffeeeis in the employed
soukes of signal. In ultrasoundceniques the differare in the flight times of @usti
waves is used to obtain the stural images of the tissue. At the same time€T@mploys
low time-cohereme infrared light and are working on the basis ofciison’s
interferometer to get relatively high resolutionaige. Figure 5.1chematcally represents
typical strwture of interferometer whh is used in QT.

The desription of the QT principles is possible with the help of the theory obtheam
interfererce for partially coherent light. The light is generated with a ligiduce and
subsequently splitted with a beam splitter (BS)580to the referare (RA) and sample
(SA) arms respgively. Assumption of the sample (Fig. 5.1) as dqdly reflecting mirror
and ignoring of the polarization eéfs allows us t@onsider the alarcomplex furctions
E,(t — Lg/c) andE,.(t — L, /c) , whereL, andLs — optial path lengths in the refer@nand
sample arms respigvely, andc is the speed of light, wth are desribing the sample beam

and the referare beam resptively.

The resultant intensitlycan be presented as (Eleeret al.,2003)
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1(7) = ([Es(8) + E,(t + DI[Es() + E, (¢ + D), (5.1)

wheret = AL/c is the time delay.

The time delay appearscrding to the round-trip optal path length differere between

the two arms.

Eeference
MIrTror

Lightsource > - > H Sauple
Ls =2*n*ls

BS

—
N

Detector

Figure 5.1. Shematt representation of a Mhelson interferometer used in(D. BS — beam splitter, land
Ls — optical path lengths in the referea and sample arms resgizely; |s and | - the geomettilengths of the

arms; n — the refraive index. Figure was adopted from Eeer et al., 2003.

Let's desribe intensitied; andl,- for both sample and refer@components:

Is = (Es(D)E5 (1)), (5.2)
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I, = (E.(t + DE;(t + 7)) (5.3)

Herce, the resultant intensitan be shown as

1(¥) = Is + I, + 2,/IL.Re(V (7). (5.4)

The last term of the Eq. (5.4) represents the duoddi of the interferam® fringes, whih
depends on the opél path delay set by the position of the refeeemirror and whih
allows to obtain the information about the intersiaicture of the observed spmen.V(t)

is the normalizedoherere furction and itcan be written as (Felneret al.,2003)

(Es(DE;(t+ 1)

V(r) = 5.5
T (5.5)

The optcal path delayreates phase differemwhich is represented as
<p = ZT[fOTﬁ (56)

where f, - the central frequecy of the light sowe. Assuming the ta that
E andE, originate primarily from a single wave front resudf intensitycan be rewritten
into the form (Part al.,1995; Shmitt, 1999; Wanget al.,2004):

1(v) = I + I + 2\/IL |V (2)| cos (2 f, ). (5.7)

If the pracess of radiation of light is stationary and ergdtie temporatoherere furction

V.(t) is the Fourier transform of the power spal densityS(f) of the light soure
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according to the Wiener-Khintne theorem (Akay et al., 2002; Gilgenet al., 1989;
Schmitt, 1999; Wang, 1999):

[ee]

V(1) =fS(f) exp(—i2mt) df. (5.8)

0

Eq. (5.8) shows us that sensitivity of th€llto the opttal path differene of the sample
and referece arm depends on thdnarateristics of the emission spgum of the light

soukce. Thus, it is possible to write the next equation:
I(AL) = I, + I, + 2,/ I,I.|V,(AL)|cos (koAL), (5.9)

wherek, = 2 /4, Is the average wave numbg;,= c/f,.

Presented above equationcisrrect only in case of the pertdly reflecting mirror as a
sample. However, the reabnditions suppose that refted from the spgmen lightcan be
divided on thecase of the hekscattered light, that undergoes single or just feattering

events, and on thease of multiple &attering.

Taking into &count the sattering path inside the media we will obtain (Waagl Wu,
2007)

Ly =Ly + Z nls, (5.10)

whereLg, is the round-trip path length to the sample swfa, - the refrative index of the
mediu; [; - the sattering path of light inside the medium. Then ihiensity given in Eq.
(5.7)can be written in the form (Wang and Wu, 2007)
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*
[ee]

I(1) = f Ei(t,Ly)dLs + E.(t +7)| % [ J Ei(t,Ly)dLs + E.(t +7)| ), (5.11)
Lso

Lso

whereE;(t, L) - the path length-resolved field density.

I(Ls, L) = Is + L + 2], f JR(LYIV:(AL)|cos (koALdL), (5.12)

whereR (L) — the normalized path length-resolved diffusesttdirce.

The signalearrying interferepe termcan be expressed ascanvolution (Fecher et al.,
2003),

Isign(Ls'Lr) = 2\/@[\/ R(Ls) ® C(Ls — Lr)]' (5.13)

whereC(Lg; — L,) - thecoherewre furction. It is alsocalled a point spread fation PSF of
the light soute. @ denotes theonvolution operation. As aonclusion, low coherere

interferometry traes out variation in the path length-resolved wéleces defined by
R(L,) (Kulkarni et al., 1997; Paret al., 1995; Paret al., 1996; Shmitt, 1999; Yung el al.,
1999).

5.1.1. Maincharacteristics of OCT

Among the main physal properties of QT it is possible to determine the axial resolution
and the transverse resolution. The first one dependhe properties of the light soeirand

the seond one on the ops of the imaging deve.

The axial resolution isharaterized with thecohereme length L.. If autacorrelation

function has Gaussian shape, it is possible to prestatrere length as:

68




B. Veksler: Lowohererre optiral methods for express non-invasive bio-raadiiagnostis

2In2 A2
L=—""2, (5.14)
whereAX is the FWHM (full width at half maximum) wavelehgtange of the light soce
(Brezinski, 1999). Eq. (5.14) is limited with thesamption thatoncerned medium is
vacuum. However, the real reftive index of the sample depends on the wavelength
light within medium. The impa of that is irreasing espgally when broadband sotes
are used (Sampson, 2004). The group céfr@ indexn, depends on the wavelength. As a
result thecoherere length is inreasing whth leads to the redtion of the resolution

consequently. Thus, in a dispersive mediumcthigerere lengthL. can be presented as:

dn 2
L= ng+<d—;dgM> , (5.15)

whered,, is the geometei depth in the medium (Drexlet al., 1998; Hitzenbergeet al.,

1998; Hitzenbergest al.,1998; Hitzenbergest al.,1999).

The transversal resolution is determined only by tiptcs of the imaging deve and,
herce, doesn’tcorrelate with the axial resolution. The transvenssolution4dx can be

written as

Ax = %’1 (%) (5.16)

wheref; is the feal length of the feusing lens and is the light beam diameter on the lens

aperture.
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5.1.2. Applications of OCT in biomedicine

The CCT is very promising diagnostitechnique due to its non-invasiveness in the
measurement of bio-tissues morphology and progeieause of the usage of the
electromagnett radiation as a probing agent. The understandindpaa¥ to obtain the
required information from the sample and how toriowe and develop modalities ofCD
became possible lause of the understanding how the radiation intendth the tissue.
Concerning the biomedal applcation the sample is represented by the turbid m&tieh

is bio-tissues or biologal liquids. Thus, the optal properties of tissues influem the
quality of OCT images and on the appeasarof the struture within these images making

it possible to obtain morpholagil texture of the samples.

Taking into acount aforesaid information it is possible teaestrict the morphologial
struicture of the sample in 2D and 3D by measuring thensity of light bakscattered at
different depth position of the sample (Huaal.,1991; Welzel, 2001). $h imaging set
up is usuallycalled conventional @T. There is also another type o€D which is named
Polarization-Sensitive Opl Coherere Tomography (PS-OT). The latter is taking into
account the polarized nature of radiation, thus, add#l information about internal
stricture can be obtained from the gpmens with birefringeey, swh as tendons
(Bagnanirhi et al., 2007; Ugryumoveet al., 2005) orcollagen fibres (Brezinsky and
Fujimoto, 2002; Piee et al.,2004; Matheret al.,2004).

OCT in addition with Doppler Effe allows also evaluating multi-dimensional vetyg
distribution of moving objets within the sample (Bonest al.,2007; Veksleet al.,2008).
This is possible hmuse of the appearanof Doppler Effet when the probing radiation is
interacting with moving partiles within the tissues. 8k imaging tehnique iscalled

Doppler GCT, detailed desiption of which will be presented in the next paragraph.

These three imaging modalitiean be obtained from any TDE€Q, FD-OCT or SS-@&CT
system implementationChomaet al., 2003; Leitgebet al., 2003; Yasuncet al., 2004;
Wojtkowski et al.,2004; Zhang an@hen, 2005).
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The appleation of these OT techniques allows éieving improvement of the quality of
biomedtal imaging in different areas, e.g. ophthalmoldggsue engineering (Bagnanm
et al., 2007; Vekslert al.,2008) orcardiology. Detailed review of the major apjaliions
of OCT can be found in (Bouma and Tearney, 2002¢l@ret al.,2003; Sampson, 2004;
Tomlins and Wang, 2005; Brezinsky, 2006; Regfaal.,2007).

5.2 Doppler OCT

Doppler QT is a furtional extension of OT which can provide possibility of
reconstrietion of the internal strtture of the sample with high resolution and atsbhee
time to visualize miro-flows velaity distribution profiles of moving patties within the
same sample. The measurement of therovflow velocity becomes possible with the
usage of the Doppler Effe the basi principle of which lies in the appearae of the
frequerry shift (so called Doppler shift) of the eteromagneit wave during the

illuminating with radiation of the sample with mog partcles within.

In vacuum Doppler shift for the etdromagneit (EM) wavescan be represented as

fo= g o (547)

wherec is the speed of light in vaum; u is the relative velaty of the moving partile,
evaluated along the propagation diren of the light andconsidered positive when the
particle is approahing the observerf, is the frequeey of the radiation icident on the
particle andf, is the observed frequey of the EM radiation reflded by the partie —
namely the Doppler frequey or the Doppler shift. The sign ‘-’ in the denosatior
indicates that the pacte is approahing the observer, whilst ‘+’ indates that the pacte

is receding from the observer.
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For EM wave propagating in a media with refrae indexn, Equation 5.17 will be the

next

fo = fo=—=—"/n (5.18)

wherev = nc is the speed of light in the media.

Eq. (5.17) and similarly Eqg. (5.18an be rewritten in terms of wavelengthof the EM

radiation taking into @ount the fat thatc = Af = const as

Jp = -1 5.19
Ve 19

where 1, is the wavelength of the dident radiation andi, is the wavelength of the
radiation observed after the intetian with the moving partie.

With referere to a time-domain Doppler @@ system, in addition to the sttural
information, to retrieve data regarding wetg of flowing partcles within the sample,
estimation of the Doppler shift frequsnsuperimposed at the probing radiation and stored

on the aquired interferometei signal must beomputed.

Each pixel assoiated to a spatial point within the samptemposing a Doppler OT image

is generated by heterodyne d¢iten of the two waves
Et = E1 COS(kZ + wot + (pl), (5.20)

E; = E,cos(kz + wpt + ¢;) (5.21)
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travelling in the referare arm and the sample arm of the interferometerecésply
(Bouma and Tearney, 2002; Eeer et al., 2003; Brezinski, 2006). Here, = 2nf, =
2nV,, /2, is thecarrier frequeny due to the @n movementkz = 2nct/A, is the phase of
the eletric field; 1}, is the veleity of the moving element in thean system, generally
linearly time-dependent; is the speed of the light in the mediufg; is the light soure
central wavelengthy is the sanning distace; t is the timeyp; (i = 1, 2) represent the phase
of the wave evaluated at= 0,z = 0; wp = 2nfp = 2nV, /4, is the Doppler frequely
shift evaluated at el depth point in the sample alidis the resolved vebity component
parallel to the beam propagation diren. Both waves are mixed on the d¢te and, after
eliminating BC components and filtering low-frequencomponents from the heterodyne

detected signal, the observed enic signalcan be degibed by:

Iq(t) = Ip(t) cos[(wo — wp)t + Ag(2)], (5.22)

whereAp(t) = ¢, — @, andl,(t) is the amplitude modulation of the interferomesiignal
due to sample heterogeneities amdries the stretural information (morphology) of the

sample.

The Doppler shift (see Figure 5.2) evaluated atyeiredepth position is expressed by the
difference (wy — wp), and irludes veleities variations arising both from the refetcen

arm (,) and sample armu().

AssumingV,, = const, i.e. constant veloity of the sanning element in the referenarm,
the termwg in Equation 5.22an be neglded. Hewre, only the Doppler shift variations due
to the motion of the flow in the sample arm awmnsidered. The Doppler shifan be
evaluated by (Gill, 1965; Gjdhinovski, 2004)

wp = (ks — K)Vp, (5.23)
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wherek, andk; are the wave \ctors of the bekscattered and iident light respctively
andV,, is the veleity vector of the movingconstituents. With kneledge of the anglé
between(k, — k;) and V,, measurement ofo;, allows the point flow velity to be

determined.

Intensity (arb. unith

| |

] g =
Lhstance (arb. uniti

Figure 5.2. Effect of the interation of the probing radiation with a moving patt on thecrosscorrelation
interferometre signal. The redcurve represents the envelope of #iesscorrelation signal and doesn
change. The bl curve represents the phase of crosseorrelation signal and is sensitive changes in
frequerry due to the Doppler ect; the dottedcurve represents ahange in the phase of the signal due to

Doppler interation between the probing radiation and a movingticle in the sampl.

To detet the nonzero Doppler shift, the differce (ks — k;) must have a n¢-vanishing
component along a dicgon parallel to the vecity vector Vp, this latter evaluated at tl
backscatteringcentre. Assumink, = —Kk; (single bakscattering evencoupled bak into
the fibre), the estimation of the flow vcity can be expressed via the ppler formula
(Bouma and Tearnep002 Ferheret al.,2003; Brezinski, 2006)

g fDAO
V,| = —mm—, 5.24
l DlZ 2ncosa ( )
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wheren is the refrative index of the samplef, is thecentroid of the Doppler spgum
and the sulsipt z denote the f& that only the flow velaity component evaluated along

the beam dirgtion is deteted.

If fp = wp/2m # 0, i.e. presene of moving sattering partiles with veleity +V, , # 0,
the Doppler frequety shift will be to the left or to the right of theodulation frequety
fo = wo/2m introdwed by the sanning dewe, depending on the sign df,, The
difference betweenf, and f; is proportional to the magnitude of the flow watp
component evaluated along the beam dfioe. The quantity (w, — wp), or, more
particularly, wp, can then be numeilly estimated following different strategiesglinding
Fourier analysis applied on@deA-scan separately and deten of phasehanges between
conseutive A-sans. The adoption of a pauiar strategy give rise tdassifications of
Doppler GCT technique in sukelasses, the most relevant of whiare briefly analyzed in

the following paragraphs.
5.2.1 Bast principles of Doppler OCT imaging

The most straightforward method to dgtthe Doppler frequety shift is spetral analysis
using the Fourier transformation. The method isebasncalculations of theShort-Term
Fast Fourier Transform(ST-FFT) algorithm on e& aquired A-zan, generating a
spetrogramas outome. Chenet al.,1997a;Chenet al.,1997b; Brezinski, 2007). Details
on theoretial and pratical aspets of the ST-FFT algorithnean widely be found in
literature (see for example Meyer, 1995). In itsengeneratonception, the spgrogram is
the result otalculating the frequety spetrum of windowed frames of @mpound signal.
It is a three-dimensional plot of the energy of fitegjuerry content of a signal as¢hanges
over time. With referete to a single A&an, the implementation of ST-FFT for Doppler
OCT generates a 2D plot in the time-freqeemomain (absgssa and ordinate axis) with
colourcoded spetrum amplitude. The graph represents the instantendrequecy
content of the signal, wth is thenconverted into instantaneous vety information at
every depth inside the sample. For a time-domaiff ®ystem, the knowledge of the time-

dependent law that defines the position of ttenselement in time allows t@nvert the
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time sale of the spgrogram into distates, whteh represent the axial position (depth) of
the measured element (voxel) inside the sample. viélecity information is obtained

converting the instantaneous frequgm®oppler shift.

The chosen parameters of the ST-Fkdmputation define the resolution of the time-
frequerty scales, influering velaity sensitivity and spatial resolution in DoppleCD.
The definition of the window size igitical to the ST-FFT result and the perforrarof
the veleity estimation. The relationship between freguemesolution §f and time

resolutiondt follows Heisenberg wertainty

1
5f6t = .. (5.25)

Higher time resolutionj.e. higher spatial resolution, is obtained with narréwurier
transform window but will result in lower frequen resolution, i.e. poor vel@ity
resolution. The major limitation of thisdenique applied to Doppler@ imaging is that
this method depends on the FFT window time, cWwhimits axial sanning speed and
spatial resolution, as de#bed in the following paragraph. For example, ttas represent
a serious limitation when measuring slow-movingobldflow in small vessels, with

requires high velaty sensitivity at spatial high-resolution.
5.2.2 Sensitivity and resolution

The digital detetion of the Doppler shift is obtainegsbmputing the spgrogram via ST-
FFT algorithm on edn acquired A-gan. Sire the detetion of the Doppler shift requires
sampling of the interferee fringe intensity over at least two samples peillason cycle,
the minimum deteiable Doppler frequety shift, Af*" varies inversely with the FFT

time-window sizeN, and the sampling intervdl,,

76



B. Veksler: Lowohererre optiral methods for express non-invasive bio-raadiiagnostis

1
min __
A" = 1 (5.26)

whereNT; defines the window time interval. This intrads a trade-off between velty
sensitivity and sanning speed as well as spatial resolution (Kulketral., 1998; Zhacet
al., 2000). The sampling frequenf; = 1/T, and the ST-FFT paramet&r determine the
velocity resolution, defined as the minimum resolvabégosity, V%", which is diretly

proportional to the minimum detable Doppler shift (Bouma and Tearney, 2000).

ymin — Ao 1
b 2ncos O NT

(5.27)

Larger values ofNT; will increase the veldty sensitivity. However, the depth spatial

resolutiondz, is proportional to the ST-FFT time-window as dolt

8z = V,,NT,, (5.28)

wherel,, is the veloity of the moving elements in theaning dewe of the referete
arm. Equations 5.27 and 5.28 define the sigfaresolution and the spatial resolution of a
Doppler GCT system respgively. These two quantities aceupled via the ST-FFT time-
window termNTy, increasing this value will give a better veily sensitivity at thecost of
sarificing the spatial resolution. A rechion of 1, could improvedz, but implementing
high-speed @an velaity must be taken incaount in order to minimize motion related
artefats. High spatial resolution is obtained at tbest of sarificing high velaity
sensitivity. Furthermore, the pision of the estimated Doppler shift is also lirditey the
Doppler signal bandwidth, wéh is proportional to the optl souce spetral width
(Kulkarni et al., 1998), wheh will result in a pratical velacity resolution worse than the
one estimated with Equation 5.27. For example, Dappler GCT image consisting of

100x100 pixels isaguired with a frame rate of Hz, the aquisition time of eeh pixel is
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0.1 ms corresponding to a minimum resolvable Doppler sbiifi0 KHz. This results in a
velocity sensitivity of 25mm-§ for a light souce with central wavelength of 1308mat an
angle of 80° to the dirgion of the flow.

The examples of the results of experiments on fltsasurements with the help of Doppler

OCT are presented on the Figures 5.3 and 5.4.

c
e g "H!TE""‘“-.-’**Iln'J"nu'l-'-“J N L]
- *iL i | !

¥ i

¥ ” .
4 0.0 05 1.0
Reflectivity (dB) Velocity (mmisec) Velocity variance (a.u.)

Figure5.3. Human enda®pic D-OCT images of normal esophagus with the five laymidg-ated: epithelium
(ep), lamina propria (Ip), musilaris mwosa (mm), submeosa (sm) and muslaris propria (mp). (a and b)
Color Doppler images showing vessels ofcnadir culation in the muaularis mwosa, submeosa and
musularis propria. Thecolor rings in the larger vessels wetaused by aliasing, due to the flow wétp

exceeding the maximum detn range (x 4 mm/s).  and d) Veleity-variance images of the
microcir culation in the lamina propria, muslaris mwosa, submeosa and musilaris propria. Few blood
vessels were observed in the epithelium. The pred® in contact with the epithelial surfee and the

compression flattened the epithelium in (a) arjd(fang et al., 2005).
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(b)

Figure 5.4. In vivo measurements of sutanial cerebral blood flow of a rat. Top-view

photography of the rat blood vessels net (a). Titeva indicates the measured area. (b)
DOCT tomogram(4 mm x 2 min The arrows indiate the presare and position of the
blood vessel§v, andV,) (Bonesi et al., 2009).

5.3 Principles of Confocal Laser Scanning Microscopy (CLSM)

The tehnique of laser @anningconfocal fluorezence microscopy nowadays has teme
an essential tool in biology and assted biomedial siences, as well as in materials
science due to attributes that are not readily availadeng othercontrast modes with
traditional opttal microscopy (Pawley, 1995; Paddg 1999; Diaspro, 2002; Matsumoto,
2002; Sheppard and Shotton, 1997; Muller, 2002;b8lil2004;Conn, 1999;Corle and
Kino, 1996; Wilson, 1990; Gu, 1996; Masters, 199)e appltation of a wide array of
new syntheti and naturally ecurring fluorachromes has made it possible to identiéfis
and sub-miroscopic cellular components with a high degree of dfieity amid non-

fluoresing material (Mason, 1999). Indt the confocal microscope is oftencapable of

s
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revealing the presea of a single molaile (Petermaret al, 2004). Through the use of
multiply-labeled spemens, different probesan simultaneously identify several target
molecules simultaneously, both in fixed speens and livingeells and tissues (Goldman
and Spetor, 2005). Although botlonventional andonfocal microscopescannot provide
spatial resolution below the difirfon limit of speific speimen features, the detéon of

fluoressing molecules below seh limits is readily ahieved.

The basi concept of confocal microscopy was originally developed by Marvin Minsky in
the mid-1950s (patented in 1961) (Minsky, 1961; 8kiyy 1988). The aim of Minsky was
to visualize neural networks in unstained prepanatiof brain tissue. The firsommetial
instruments appeared in 1987. During the 1990saradg in optts and eletronics
afforded more stable and powerful lasers, higheiefficy scanning mirror units, high-
throughput fiber optis, better thin film dieleric coatings, and detéors having redeed
noise charateristics (Pawley, 1995). Modereonfocal microscopescan beconsidered as
completely integrated aet&ronic systems where the ogdil microscope plays aentral role
in a configuration thatonsists of one or more eteonic detetors, acomputer (for image
display, preessing, output, and storage), and several laselersgscombined with
wavelength selgion devces and a beancanning assembly. In mosases, integration
between the variousomponents is so thorough that the entoafocal microscope is often
collectively referred to as a digital or video imaging®mcapable of prodting eletronic
images (Spring and Inoue, 1997). Theserastopes are now being employed for routine
investigations on motelles,cells, and living tissues that were not possible guew years
ago (Goldman and Sgier, 2005).

5.3.1 Bast concepts of CLSM

Confocal microscopy offers several advantages ovawnventional widefield optal
microscopy, ircluding the ability tocontrol depth of field, elimination or redion of
background information away from thedal plane (that leads to image degradation), and

the capability tocollect serial opttal setions from thck speimens. The basikey to the
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confocal approah is the use of spatial filteringdeniques to eliminate out-of-¢as light or

glare in speimens whose tkkness exeeds the immediate plane otirs.

The confocal prirciple in epi-fluoreserce laser sanning meroscope is diagrammatally
presented in Figure 5.8 oherent light emitted by the laser systemcii@tion souce)
passes through a pinhole aperture that is situatedconjugate planecpnfocal) with a
scanning point on the spenen and a s®nd pinhole aperture positioned in front of the
detector (a photomultiplier tube). As the laser is reféel by a dihromatc mirror and
scanned aross the spgmen in a defined faal plane, seondary fluoreserce emitted from
points on the spémen (in the same t@l plane) pass b& through the dihromatt mirror

and are foused as aonfocal point at the det¢or pinhole aperture.

The signifcant amount of fluoregnce emission thataeurs at points above and below the
objective focal plane is notonfocal with the pinhole (named Out-of- &gs Light Rays in
Figure 5.5) and forms extended Airy disks in therape plane (Stelzer, 2000). &eise
only a small fration of the out-of-fous fluoresernce emission is delivered through the
pinhole aperture, most of this extraneous lighhos deteted by the photomultiplier and
does notcontribute to the resulting image. Thecliiomatt mirror, barrier filter, and
excitation filter perform similar fuctions to identgal components in a widefield epi-
fluoresence microscope (Rost, 1992). Refasing the objetive in aconfocal microscope
shifts the exitation and emission points on a sjpeen to a new plane that dmmes

confocal with the pinhole apertures of the light ssiand detetor.
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Figure5.5. Shematt diagram of the optial pathway and pridpal components in a laseeanningconfacal

microscope.

Bast microscope opttal systemcharateristics have remained fundamentallychanged
for many deades due to engineering redions on objetive design, the statiproperties
of most speimens, and the &t that resolution is governed by the wavelengtHigtit.

However, fluoresent probes that are employed to addtrast to biologial speimens and,

and other tehnologies assgated with optéal microscopy techniques, have improved
significantly.
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Figure 5.6. Confacal microscopeconfiguration and information flowchematt diagram.

The explosive growth and development of ttoafocal approah is a diret result of a
renaissace in opttal microscopy that has been largely fueled by adesnin modern
optical and eletronics teehnology. Among these are stable multi-wavelengsernaystems
that provide bettecoverage of the ultraviolet, visible, and near-inéich spetral regions,
improved interferece filters (ircluding dichromatt mirrors, barrier, and exation filters),
sensitive low-noise wide band deti@s, and far more powerfgomputers. The latter are
now available with relatively lowost memory arrays, image analysis softwarekages,
high-resolution video displays, and high qualitygitil image printers. The flow of
information through a moderonfocal microscope is presented diagrammeatly in Figure
5.6.
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5.3.2 Advantages and Disadvantages @obnfocal Microscopy

The primary advantage of laserasning confocal microscopy is the ability to serially
prodwe thin (0.5 to 1.5 mrometer) optial setions through fluoraent speimens that
have a thikness ranging up to 50 enometers or more (Sandison and Webb, 1994). The
image series isollected bycoordinating irrementakhanges in the mfoscope fine feus
mechanism (using a stepper motor) with sequential enaguisition at eah step. Image
information is restuted to a well-defined plane, rather than beingplicated by signals
arising from remote lations in the sp@men. Contrast and definition are dranaily
improved over widefield tghniques due to the rection in bakground fluoresence and
improved signal-to-noise (see Figure 5.7) (SandawhWebb, 1994). Furthermore, eopti
sectioning eliminates artefds that ecur during physial setioning and fluoresent
staining of tissue spamens for traditional forms of riioscopy. The non-invasiveonfocal
optical setioning technique enables the examination of both living ameéd speimens

under a variety ofonditions with enhatedclarity.

Figure5.7. Comparison of widefield (a) and laseramningconfacal fluoreserce mieroscopy images (b).
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Advarces inconfocal microscopy have made possible multi-dimensional viewsiwihg)
cells and tissues thatdlude image information in the x, y, and z dimensias a fuetion

of time and presented in multipdelors (using two or more fluorophores).

Disadvantages otonfocal microscopy are limited primarily to the limited number of
excitation wavelengths available witbmmon lasers (referred to as laser lines),ctvhi
Occur over very narrow bands and are expensive toupeoth the ultraviolet region. In
contrast,conventional widefield nirossopes use meury or xenon based adischarge
lamps to provide a full range of @tation wavelengths in the ultraviolet, visible ,danear-
infrared spetral regions. Another downside is the harmful nat(Ashkinet al, 1987) of
high-intensity laser irradiation to livingells and tissues, an issue that hagemdy been
addressed by multiphoton and Nipkow digknfocal imaging. Finally, the higleost of
purchasing and operating multi-useonfocal microscope systems (DeMaggio, 2002),
which can range up to an order of magnitude higher tlamparable widefield
microscopes, often limits their implementation in smalkdvoratories. This probleran be
easily ovecome bycost-shared neroscope systems that sete one or more departments
in acore faility. The recent introdwtion of personatonfocal systems hasompetitively
driven down the pee of low-endconfocal microscopes and icreased the number of

individual users.

5.4 Summary

In this chapter the basiprinciple of low~coherere optcal techniques were presented.
These methods are of high prioritychase theyan provide rathecheap andonvenient
non-invasive optial diagnostis of biotissuesCombining the existing OT and CLSM
methods with the results of our@vmodeling the parameters of the set-ups were opsighi

and the results of experiments will be presentegtiemexichapters.
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Chapter 6. Validation, improvement and development bMonte
Carlo method

This chapter irludes the results of validation and vediion of the MC code desribed in
previouschapter. As a typal set-up fibre opts probe wasonsidered. Existingode was
improved with irluding of thecoherere properties of light within theode. Additionally
PS-QCT was simulated with the help of M Then, based on the results of simulations
OCT parameters were optimized (will be delsed in the nexthapter).

6.1 Validation: Impact of probe geometry on the detecting field of view
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Figure 6.1. Shematt representation of the experimental set-up, anthdiein of sampling volume

distribution. Here, J is the spatial distributiofi the effetive optial paths, e.g. sampling volume.
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Due to the multiple ttering irident radiation is widely distributed within bicssues.
Whereas the detted signal is spatially kalized in the areaalled sampling volume. The
peculiarities of this spatial lkalization of the detg#ed signal are determined by the
geometréal and opital properties of the medium as well as by the prgbemetry.
Analysis of sampling volume is extremely useful fpuantitative interpretation of the
experimental results, analysis of the detd regions within the mediurpvered by the
sounding radiation, and finally for pretion of optimal probe geometry of paniar

experimental systems applied for day-to-dkyi cal diagnosts.

Three sowe-detetor geometries typally used in theclinical applcations, irluding
optical fibre probeCCD camera and@ombination of optial fibre andCCD wasconsidered
(Fig.6.1). The soue and detdor are leated on the suréa of the medium. The sag is
represented by eollimated laser beam, or a laser beam guided bypéinal fibre, or by a
flash lamp. The dirg measurements of the sampling voluraannot be obtained
experimentally, butcan be estimated byomputational modelling. To desbe the
propagation of laser radiation within tkemplex random media the Mon€arlo (MC)
method is used (Meglinski and Mhaer, 2001) to predi sampling volumes distribution
within the human skin. lease of thicomplex inhomogeneous multilayer medium, where
the optcal properties differ for e layer, it is possible toonsider the partialomponents

of sampling volume for eh layer.

The multilayered model of skin with consists of 7 layers of cells wasnsidered in the

reseach. Eah layer has its own optl properties, wikh are presented in the next table.

Table 6.1

11 2| 3 4 5 6 7
Hsmm™ | 80 35 3¢ 25 20 30 5
Hamm?|0.1] 0.15 | 0.06¢ | 0.09% | 0.07% | 0.11¢ | 0.06¢
g 08 08 O0& 0¢& 0.7€ 0.9 0.7
n 1.5/ 134| 1.3¢ | 1.4 | 1.3¢ | 1.3¢ | 1.4«
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The sampling volume was simulated for various prggemetry (Fig.6.2).

/ Det?Cted area \ y " Detected area |

-600  -400  -200 0 200 400 600
Xxpm

e

4 o3 02 01

(@) (b) €)

Figure 6.2 Sampling volume J(x,z) in a multilayered mediuncémfigurations with: (a) optial fibres; (b)

CCD camera; ¢) combination of optial fibre andCCD.

The results of the simulatiamearly show that probe with separated setetetor field of

view significantly improve the lealization of deteted signal within the medium.
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6.2 Improvement: New computational model for smulation of polarized

light propagation within biological tissues

New computational method that is able tonsider all the @attering orders within a
deteted OCT signal was developed. The method is based ondtaive preedure of the
solution of Bethe-Salpeter equation (Kuzmeh al, 2005). The new approla is able
adequately &ount for the ballisti component of the deteed QCT signal irluding the

contribution of the rear interéas within GCT signal.

In the context of the MonteCarlo method the nooeherentcomponent of intensitgan be

presented as:

I(ubuui) = Z In (Hbfﬂi)' (61)

n<ngc

whereln(yb,ui) is the sore of trajetories whth contain n ats of attering as an average

on the samplé/,,, of degending photons

Nph

1 . .
I(up, ) = N Wn(l)exp (_:ubzr(ll))' (6.2)
phi

Wff) andsz) represents statiséll weight and distare to the boundary of the medium of

photon sattered n times. Statistial weight Wff) is determined by the integrals

[dr, ...dr, H?;fA(rHl - rj)p (q].), where A(r; —r,) = exp (— lrl;rﬂ) Ir, — |71, and

q; =k; —Kj;.
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Obtained integral isalculated as statistal mean on the sample of valugsdefined with

the random number generator. Phasetfan depends only on the angle ef#ering ¢;:

p(q,) = p(cos ).

The interferentialkcomponent of bek scattering iscalculated similarly incase of small

scattering angled;. Each term of a series we should multiply by the phasétiplier
5 = cos | (i, + k) (RY — R(li))l] ~ exp[k(x, — x,)6,]. (6.3)

The field inside the mediuran be represented as a sum of thedant wave and the wave

reflected from the rear boundary inteséaof the medium:

(Es(r,0)) = ES(r,0) + EC" (1, t). (6.4)

The main differepe of new developed apprda compare to theconventional @T
modelling is that an additional wave deking ballistc component represented the

reflection at the medium boundary (-ies) was taken ictmant.

The above-mentioneddenique was employed tealculate the @T signal at the position
of the rear boundary for a slab of theckmessd = 200 ym. Other opttal parameters of
the medium were: refeéive index 1.4, sattering anisotropy 0.9. Fig. 6.3 presents the
comparison of @T signals obtained witkonventional model and model with additional

wave.

Figure 6.3 demonstrates that the rescdtisulated with both methods do nedincide for

the range of optal densities thatorrespond to the intermediateatering regime.

The ratio of the signaksalculated with the suggested method andcthreventional method
is presented in Figure 6.4. As Fig. 6.4 suggeststhie small optial densities@D = u_d),
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0D < 0.3, and big OD,0D > 4, the differeee between the two methods is not

significant.

However, for the intermeate case the ratio éreases that indates that for ODs in tf
range of 0.34 there may be a proncced numeial differerce in the different appriches

of estimating theontribution from the rear boundal

oct

0 50 100 150 200 250 300 350
Z, mm

Figure 6.3. Intensities of the CT signalscalculated with the suggested (red line) method anc

conventional method (bt line).
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Ratio

oD

Figure 6.4. The ratio of the intensities of theJD signalscalculated with the suggested method, where two
waves areonsidered, and theonventional method, where only one wave is regardea fuation of the

optical density OD of the slab.

6.3 Development: Simulation of polarization-sensitive optical coherence

tomography images by a Monte Carlo method

Typically, within the MC algorithms the state of the polarization and usletion during
the propagation is desbed in framework of Stokes—Mueller or Jones fdisma (Bartel
and Hielsher, 2007; Wang and Wang, 2002; Ramella-Rorearal, 2005). New N
technique was introdted, that is able to imitate two-dimensional (2D)lapi@ation-
sensitive @T images of complex multilayered turbid cattering media avoiding

implementation of Stokes—Mueller and/or Jones fdisma
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6.3.1 MonteCarlo method in case of polarization

Following this let'sconsider propagation of photongsats along e&h possible trajgory
within the medium. The free photon path between Bumessive sattering events is
governed by Poisson distributigiil;) = usexp (—usl;), and defined ag = u;In &, where
¢ is the probability that the mean free phtb no less that, arbitraryé value ischosen in
the [0,1] interval using a random number generanody, is the satteringcoefficient. A
new diretion of the photon p#ket after eah sattering event is determined by the
Henyey—Greensteincattering phase fution (Wanget al, 1995), originally developed to
approximate Mie @ttering of light from parties with size comparable with the
wavelength of the isident light. This expression iharaterized by a sealled anisotropy
factor g, which is equal to the mearosine of the @ttering angled g = cosé (g € [0,1],
with g=0 corresponding to the isotrapiscattering). Aconsideration of light sattering
within an absorbing mediumgl # 1 requires a proportional rechion of the statistal
weight W of eah photon peket acording its trajetory (Churmakovet al, 2002):w =
Woexp (— XN, uqly), whereW, is the initial photon peket weight, u, is the absorption
coefficient of the medium, and\ is the number of experiead gattering events. The
photon pakets fitting the given det#ion criteria (Shmitt and Ben-Letaief, 1996),
including size, numetal aperture, and det®r position are taken intaceunt.Completing
the traing of the photon trajgories for a large number of photomg,, (typically
N,,~107), the GCT signal iscalculated as aonvolution of distribution of the detted

photons over their optal path lengthg = ¥V, 1,) with the envelope ofoherere furction:

Nph

1) =2 [T Ler [- (2 Lf)zl, 65
=1

coh

whereW, and W, are the total weights of the detied photon pekets from the refereme
arm and eattering medium, resptvely; [ ., iS the coherere length of probing laser

radiation; andzis the depth.
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Using acombination of the M technique and the iteration predure of the solution of
Bethe—Salpeter equation (Meglingki al, 2005), it has been shown that simulation of the
optical path of a photon phket undergoind\ scattering events dirdly corresponds to the
Nth order ladder diagrarontribution. In thiscorrespondete we generalized the above
mentioned M technique for the dire simulation evolution of the polarizationoter for
each photon peket. The polarization is desbed in terms of the polarization ater P
undergoing a sequea of transformations after @ascattering event (Ishimaru, 1978), and
all the photon pekets are weighted inceordarce with the polarization state. In Rayleigh
and Rayleigh-Gans approximations the polarizatiectov of the sattered wavep, is

transformed upon theth scattering sah that (Ishimaru, 1978)
E = —¢;[é; 'ﬁi—l] = [i_ € éi]ﬁi—l' (6.6)

whereg; is the unit vetor aligned along the trajeory element of a photon gleet after the
i-th scattering event. Thus, for simulating the sfemagneit field transfer we tree the
transformation of the polarizationater of incident fieldPy under the @ion of thechain of

diadic operators:
N
P=(-k?k, ®k,) 1_[(1“ — k72k;;_; @ kj;_)Py. 6.7)
i=2

The final stage of the parallel and perpentiir components of wgor P determines the
polarized and depolarizedomponents of «ttering radiation. In s a manner, we
consider the propagation of polarized and depoldrizenponents of the eleomagnett
field along the trajetory defined for the intensity propagation (i.ey, &alar approeh).
However, and it should be pointed out here, basethe opttal theorem Carneyet al,
1997) the salar approeh gives (Kuzmin and Aksenova, 2003; Kuzminal, 1994)
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1

k@fﬁﬁfdﬂk=7 6.8)

whereas for the etromagnett field in the limit of weak sattering (Kuzmin and
Aksenova, 2003; Kuzmiat al, 1994).

1 2
l

R — 6-9
1 + cos?6 (6-9)

kgjé(zu Es)dﬂs =

Here, G (k;, ks is the sattering phase futtion; k; andk, are the wave wgors for ircident
and sattered ofcomplex<onjugated fields, respevely; and k, = 2n/1, wherel is the

wavelength. Therefore, the extra multtgliive factor

2
1 + cos?60
should be taken intoceount at every @attering event. Finally, the expressions for the
intensities of theco-polarizedl, and cross-polarized; components valid for Henyey—

Greenstein phase fotion are

Npn

— N;p2
oo = ) Wi,
j=1

(6.11)

Nph

LG = ) wirip,
j=1

where N is the number of cattering ats for thejth photon peket andy denotes the

dependece on any variable of interestc$uas depth, time, number afadtering events, et
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This MC algorithm has been validated against atepted analyti solution for a semi-
infinite medium, anccross validated for slab geometry with an absorbimtusion. The
results areompared with the exasolutions for pointlike Rayleighcattering partiles. For
normal ircidence and exa backscattering detetion the generalized Milne solution for the
electromagnet field gives the ratio of polarized and depolarizeténsities/; /I, = 1.92
(Kuzmin and Aksenova, 2003). Numsi stimulation suggests that/1, = 1.93 with all

significant digits. The generalized Milne solution givee ttepolarization rati®P = I, —

’[—l+1l = 0.31 (Kuzmin and Aksenova, 2003), while the resultsoof simulation suggest
Il

DP = 0.326.
6.3.2 Results of the modelling and désission

The skin model with six non-planar layers are shawfig.5.5. The optal properties of

the model are presented in the Table 6.2.

Table 6.2

1 2 3 4 5 6

Homml| 38 5 | 10 7 | 12 30
Uamm?®| 0.0z | 0.01¢| 0.0z | 0.1 | 0.7 | 0.2
g 0. 0.9t 0.8t 0¢ 087 0.9t
n 1.5/ 1.3¢ | 1.4 |1.3¢| 1.4 | 1.3¢

The souce-detetor parameters are: wavelength1300nm [.,,=15 um and numetial
aperture 0.2. To simulate @ images the sequential Aans are simulated with the

defined 2Qumtransversal@nning step.
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Figure 6.5. Shematt presentation of skin model.

The results of simulation of 2D@ and polarization-sensitive @ images for botto-
polarized andcross-polarized modes are presented on Fig.6.6camparison with
experimentally obtained images. TheCD image obtained irco-polarized mode (see
Fig.6.6-b) is similar to the OT image obtained for theonvention @T (Fig.6.6-a),
whereas the intensity of the image obtainecrass-polarized mode (see Fig.@)as muwch
lower compared with theo-polarized mode (Fig.6.6-b). This is due to thmjiarof the
OCT signal formed mostly by sealled “snake” or low-sattering-order photons.
Therefore,contribution of the photon péets depolarized owing to multipleattering in
the formation of the final OT image is relatively small in upper layers andhgigantly
rises for deep layers.
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Figure 6.6. Comparison of simulated (a}Xand experimental (d)-(f) PS€T images.
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Thus, based on the generalization of iterativeegulare of the solution of Bethe—Salpeter
equation, a new wtor-based M approah has been developed. The perforoemnof the
developed method are shown both fa@ynventional and polarization-sensitiveCD
modalities. Thecurrent approeh allows considerably simplified simulation of polarized
low-coherent optial radiation propagation within turbidcattering media avoiding
implementation of Stokes—Mueller and/or Jones fdisma with the substantial redig of

thecomputational resoues.

In a similar manner this apprdacan be applied focircular polarization allowing one to
avoid acumbersomealculation of the Mueller matrix. The ¢deniquecan provide detailed
information on polarization propagation within/ades the medium, ®ring various

phystcal quantities simultaneously. Theclaique will find a number of straightforward
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applications related to the non-invasive diagnesstof various disperse random media,

including biologtal tissues, polymers, liquigtystals, and others.

6.4 Development: Image reconstruction of the location of macro-
inhomogeneity in random turbid medium by using artificial neural networks

Inputs
X4 Syhapsis

Wy

Neuron

Figure 6.7. Schematt presentation of the artifial neuron.

In framework of opttal tomography and related problems it is requieddlve scealled
inverse problem. This éhudes reonstriction of spatial positioning of the absorbing and/or
scattering maro-inhomogeneities distribution within the medium the charateristics of
scattered radiation. This distribution depends ondistarte between photo-det®r and
the entrane point of laser beam, and is determined by tledtexing properties of the
biological tissue. To desibe the propagation of laser radiation within toenplex random
mediaconventionally statistal computational MC method, whih combines the statistl
weight €heme and effgive optical photon paths simulation, was used. It is assutimad

inhomogeneity loated in subsurtee area of the mediurhanges the intensity distribution
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of the bak-scattered radiation. This makes it possible to amptificial neural networks
(ANN) for finding the dimensions anddating of the inhomogeneity.

ANN consists with artitial neurons (Fig.6.7)conneted together with synapses. The
network preesses input data thateates theomplex of output signals. At present ANN
technique is widely used to solve inverse problemdglififerent biomedial applcations
(Frakeet al, 1998; Wallae et al.,, 2000; Aton and Newberg, 2006).

1o r |

Indicatix of scattering, c.u.
—
S
e Dy —

L 1
25 2 5 10 0] 5 10 15 = 2%
Place of detector, mm

Figure 6.8. Intensity distribution of sattering at the surfee of gattering medium (number of patés per
unit of volume 10%); (*) in the absem of absorbing inhomogeneity in the tagilayer of medium;q) in the
presere of absorbing inhomogeneitiez&ted in the left half-plane of the medium on thetdef 3-5 mm

and @) on the depth of 5 7 mm, the dimensions of the heterogeneity: 3 x 3 mm

Fig. 6.8 represents the result of simulation ofitttensity distribution at the surfa of the
modelling medium for different depthdation of the inhomogeneity and with its absen
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These results are used as the training inputs kX Ahatconsisted with 20 neurons in the

input layer, 5 neurons in hidden layer and 16 itpaulayer.

The image reonstrietion of the absorbing inhomogeneity (Fig. 6.9) westored by using
the modelling intensities distributions presentedFig. 6.8. It isclearly seen that when the
object is located near the surfa (see Fig. 6.9(a)) the ANN, trained by the resaft$1C
model, restores the image of the inhomogeneity igefftly well. The image of
inhomogeneity beomes more diffuse and the ANN error substantiaigpwg when the

inhomogeneity gravitates deeper in the mediumn7(see Fig. 6.9(b)).

The presented results show the potential opporégndf use of ANN to solve the inverse
problem. This is espally of high priority beause of new diagnoss/treatment

developing that is based on the applying gold nartetes for labellingcarcer cells.

(@) ()

Layer depth, mm
Layer depth, mm

g 10 46 20 25 30 3 40 45 B0 5 10 45 20 25 20 35 40 45 50
Place of detector, mm Place of detector, mm

Figure 6.9. Locating of the inhomogeneity in the medium. Red ddite representsaual position of the

inhomogeneity within the medium at the depth8mm (a), and 5 — 7 mm (b).

The proposed thnique of image ®nstriction has got further development in the works

on dyes reognition of Ms. Ewa Mozko, see for example, Moko et al, 2009.
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Chapter 7. Application and improvement of lowcoherence methods of

tissue diagnostes

7.1 Application of Optical Coherence Tomography for imaging of saffold structure

and micro-flows characterization

The conventional @T was applied for the purpose afaffold strwcture imaging. Three-
dimensional porouscaffolds are used for the ditgonal growth of thecells and for the
supplying them with nutrients in tissue engineeriAgthe same time Doppler@ was
applied for the measurements of spatial fluid flelocity distribution within thiscomplex
scaffold strwture. Doppler @T system is based on the tygi fibre-optc Michelson

configuration with 1x2 and 2x2 fibreuplers (Fig. 7.1).

Amplifier

Filter

Figure 7.1. Schematt diagram of the experimental set-up. SLD — supaihesgerce laser diode; E — fibre
coupler with splitter;CL — collimating lens; FL — feusing lens; M — referem arm gan mirror; PD — dual

balanced photo-deteor; PC — personatomputer.
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(b)

Figure 7.2. Experimental set-up. (a)-referem arm. L —collimating grin lens;CC — retrorefleting corner
cube mounted on linear translation stage; S is thedr translation stage; M is the refténg mirror. The
motor (S) isconneted to its driver and governed by a sawtooth siggaherated by an external fation
generator.; (b) — sample arnXY is the xy manual translational stage; T is thegwar tilter; FL is the
microscope objetive (facusing lens); TS is the linear translational stadgéhe linear translational stage is

controlled by its driver, interfeed with the .
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The <affolds, used in resedr, have beerconstrieted from polysecharidic material,

called chitosan (Bagnanithi et al, 2007). 2%chitosan solution is prepared by dissolving
chitosan flakes (95% dewalated, Sigma) in 1% v/v glal acetic acid. The resulting
solution iscast in several molds (1faminner diameter) wikh are frozen overnight and

subsequently freeze dried. The resultingffolds are rehydrated in a gradient of ethanol

(100%, 70%, 50%) and stored in Phosphate Bufferalthé&s (PBS). | usedntralipid
(Sigma-Aldrich, 10%) for this experiment as a modelling liquidtralipid was set in
motion by a syringe pump (Harward, mod. 975) allaywonstant input volume flow rate

under laminar regime (16.167@m/9. Intralipid was diluted in distilled water to obtain an

overall stek water solution at aoncentration of 1% in volume. The ogail properties of

the solution agree well with the ogdl charateristics of nourishing liquids typally used

in tissue engineering.
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Figure 7.3. (a) - Image (2x2 mm) of the internal stture of gaffold obtained using the @; (b) - Cross-

sectional flow veleity distribution of non-filtered 1% water solutiaf Intralipid through the affold. The

input flow 16.167 mm/s.
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Using the @T system presented above (see Fig. 7.2) thetstal image of the ffold
was obtained (Fig. 7.3(a)). The maircpkarities of the internal stature areclearly seeing
however the porous nature of the sample isleam. Fig. 7.3(b) demonstrates the flow
velocity distribution within the eaffold obtained with Doppler OT. The results of
Doppler T measurements show that sometihations of veloity are observed, but the

average veldaty tends to zero, i.e. there is no flow presenttigh the saffold struwture.

Figure 7.4. Microstructure of gaffold obtained with ISI ABT-55 low-staum ganning eletron microscope.

The spatial resolution — 22.7 pm.
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Figure 7.5. (a) - Cross-setional flow veleity distribution of filtered water solution of Irglipid through the
scaffold. The input flow 16.167 mm /s; (b) - Stwral image (2x2 mm) of caffold overlapped with the

velaity flow distribution.

Assuming the possibility that large lipid pahsis in the solutioran stak the pores within
the saffold we used @anning eletron microscope (SI ABT-55 to evaluate the ctual
pores size, as the doesn't allow estimating the diameter of porese Teletron

micrograph of the @affold is presented on Fig. 7.4.

The average size of the pores appeared to beangerof 20 — 4@um with the effetive
diameter about 3Qm Intralipid solution was filtered with a filter paper to avqitesere
of the large lipid parties thatcan blak the flow through the pores. The experiment was
further repeated with a filtered water solutionlmtiralipid. The obtained results presented
on Fig. 7.5(a) demonstrate distiive differerces in the velaity distribution incomparison

with the results of non-filterebhtralipid flow measurements presented on Fig. 7.5(b).
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It is seeing that the distribution of the flow dtdredIntralipid is not uniform and there are
areas with higher vebity (up to 5mm/9, compared to the overall beground velaity.

Fig. 7.5(b) shows the stttural image overlapped with the representationhef vel@ity
flow distribution. Thus, these results make it plolesto evaluate the shear stress within the

scaffold in a pargular area and optimize input flow ratensequently.

7.2 Application of gold nanoparticles as contrast agentsin confocal laser

scanning microscopy

Noble metal nanopades, in parttular gold nanopartles, have a number of promises in
biomedtal optics due to their outstanding phyai properties (Jaiet al, 2007; Khlebtsov,
2008). They have been used tenturies, for example in Roman items and in stagiads
windows. Nowadays, gold nanopal#is play an important role in a range of fields,
including material siences, engineering, biology, and mede. llluminated by laser
radiation at the spéic wavelength, gold nanopaties present a strong enlkkament of
scattering and absorption of the @if®magnet: field. This phenomenorgalled plasmon
resonane, relies on theoherent ogllation of conduwtive eletrons (Maier, 2007). The
plasmon resonae accurs in a narrow range of wavelengths dependinghensize of the
nanoparitles and the dielgric properties of the surrounding medium (Maier, 20@rasad,
2004).

The shape of nanopatis is also an important parameter tbah deeply modify the
plasmon resonae frequeny (Oldenburget al, 1998; Hirgh et al, 2006; Murphyet al,
2005; Perez-Justt al, 2005). Gold nano-shells, for exampdan resonatecaoss a broad
range of wavelengths (Oldenbueg al, 1998; Hirsh et al, 2006). These pactes are
composed of silia core surrounded by gold nano-shell, or by other @obétal shells. The
variations of their relativeore and shell tkknesses enable tuning the plasmon resaman
from visible to infrared spdral area (Oldenburgt al, 1998; Hirgh et al, 2006).
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A similar effect is obtained with gold nano-rods: these rodshapedicles display two
plasmon resonae peaks, related to the long and short axes gbanele that defining the

relative position of the plasmon frequess (Murphyet al, 2005; Perez-Juset al, 2005).

The gold nanopaxties are potentially interesting to be used asrarast agent irarncer
diagnostts and therapy (Loet al, 2004). Their apptiation as acontrast agent helps in
creating differenes between various tissummponents as well as in differentiating
carcerous from healthy tissues (Leb al, 2004; Kahet al, 2008; Sokolo\et al, 2003; El-
Sayedet al, 2005). Whereassommonly employed fluoreent contrast agents, sh as
fluoresent dyes and proteins, suffer from loss of fluceese intensity with time (i.e.
photobleahing) (Mycek and Pogue, 2003). Besides, the natural fleéeres of tissues,
also known as autofluoremce, is often quantitativeljwvomparable with the signal
prodwed by fluoresent contrast agents (Mgk and Pogue, 2003). Nanopa#ds, on the
contrary, are not subjeto photo-bleahing and are also btompatible. Furthermore, the
modification and bioonjugation with biomoleules (Kahet al, 2008; Sokolowt al, 2003,
El-Sayedet al, 2005) allows targeting spiéi ¢ cells (Tanevet al, 2006). In addition, the
enharement of eletromagnet field generated by nanopaitgs during plasmon resonan

provides a strong signal that overpasses the aotetternce.

This is espdally achievable in the near-infrared sl region where the tissues
autofluoreserce is minimal (Frangioni, 2003Churmakov et al, 2004). Thus, gold
nanoparitles have a great potential applying asomtrast agent with opi@l imaging

modalities, sch as aconfacal laser sanning meroscopy (CLSM).

Contrariwise, instead ofontrast agents mentioned above thecalted optcal clearing
agents, sth as glgerol or propylene ghkol, have been widely applied to improve image
contrast and icrease depth of image probing ¢hin et al, 1997; Proskurin and
Meglinski, 2007; Varga®t al, 1999; Vargast al, 2001). It has beenoncluded that
mathing of the refrative indices of the stretural elements of tissueells is caused, that
prodwes a temporal redtion of light sattering and ioreases the transpargn of

superftial tissues (Tuhin, 2005).
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7.2.1 Optical properties of gold nanopartcles

In 1908, Mie suggested a solution ¢#sing the interation of an eletromagnet wave
with smallcondictive sphertal partcles (van de Hulst, 1957). With appropriate boundary
conditions for sphecal objets this solution is presented as a series of nuéip

oxcillations and the extittion crosssetion of nanopartiescan be presented as:

Oext = Tl Z(ZL + 1Re(a, + by). (7.1)

Respetively, scattering and absorptiamoss-setions are defined as:

Osca = (2L + 1)(|aL|2 + |bL|2)
|klzz (7.2)

Oabs = Oext — Osca-

Here,k is the wave-vetor, L is the term indexgorresponding to the dipole @iation (if

L = 1), to the quadrupole odlation (if L = 2),

0 = my, (mx)y, (x) — P (mx)p, (x)
t my, (mx)n; (x) — P, (mx)n, (x)°

(7.3)
_ oy () — Ym0y, ()
g Y (mx)n; (x) — mypy (mx)n,, (x)

Here,m = n/n,,, n andn,, are the refretive indices of partile and surrounding diad&ric
medium, respdively; y, aren, are the Riatti-Bessekylindrical functions,x = |K|r, r is
the radius of the nanopafe. The sattering and absorption properties of spdadri

nanoparitles differ with size: for partles with a diameter larger than the wavelength of

109



Chapter 7. Appliation and improvement of loweherere methods of tissue diagnasti

incident radiatiom (d > 4/20,d = 2r) thecross-setion can effetively be deomposed as
a superposition of eglating electric dipoles, quadrupoles, and higher-order multipdies;
particles with a diameter smaller than the wavelengtin@tient radiationd < 1/20) o,
can be deagibed as an etdric dipole. The Rayleigh theory well detbes the lattecase
and is suffeient to understand the plasmon resaearRayleigh assumed that all of the
electrons osillate with the same phase and freqgexeas the inident wave, and the pasie
behaves as a largeddkating dipole moment (known as a dipole approxio) (Maier,
2007; Prasad, 2004).

The expressions for (7.1) and (7c2n be re-written then in the form:

n
Emet
! 2 " 27
Emet + ngiel) + (gmet)

w 3
Oext =9 ? (Ediel)ZV (

(7.4)

O = i(“’r (i) 2V (Emet — Eaie)” + (emer)” _
e 2 le (Erlnet + 2‘gdiel)z + (Erlrllet)z

m\c
Here,V is the volume of the pacie, w is the angular frequew of incident light, andc is
the speed of the light in a a@aum; ¢4, IS the dieletric constant of the surrounding
medium andg,,.; IS the wavelength-dependectmplex dieletric function of the metal
nanopargles, £p,er = Emer + L€mee- Whene,,,; is dependent weakly an the maximum of
0.y 1S cOrresponding to the resonancondition: €),.; = —2&4;,; and the denominator in
(7.4) tends to minimum. If thisondition is fulfilled the plasmon reson=n (Fig. 7.5)

appears at520nmfor gold nanoparties (Kreibig and Vollmer, 1995).
7.2.2 Desription of the experiment

The CLSM (510 Invert Laser &n Microscope, Carl Zeiss, Germany) was employed for
imaging of skin tissue samples. THELSM (Sheppardet al, 1997) offers several
advantages oveconventional fluoresernce-based neroscopy, including the ability to

control depth of field, elimination or redtion of bakground information away from the
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focal plane, and theapability to collect serial opttal setions from th¢k speimens
(Shepparcet al, 1997). INCLSM a laser beam is dieked by a dithroic mirror towards a
pair of mirrors that perform samplesasning inx andy directions (Meyer and Lademann,
2007; Martshick et al, 2007; Lademanet al, 2008a; Lademanet al, 2008b). The laser
beam then passes through theroscope objetive and ekites the fluoreserce within the
sample. Subsequently, theceégd fluoresent radiation goes bk through the obgive,

dichroic mirror and a pinhole, whbi is placed in theconjugate feal plane (Fig. 7.6).

Detector

Emission filter

Pinhole

Beam expander

| Laser
Dichoic mirror

V— Focal plane

Figure 7.6. Shematt diagram of aconfacal microscope used in theurrent researh.

The pinhole serves to eude fluoresernce from the region outside thectd plane; sine
only the signal from the tal plane is detged and high quality image is obtained. The
CLSM system is equipped with an argon-krypton lestethe exitation wavelength 543

nm
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Chicken skin was used as an altjef interest. The solution of gigrol and gold nano-
spheres doncentration of 109articles/ml) were employed asontrast agents. The gold
nanoeolloids (British Biaell International Cardiff, UK) with an average size of 60nin
diameter were diluted with distilled water. Thersldample was observed everynbn
during the diffusion of theseontrast agents within the tissue, 200tpies speed by 450
nmtaken at the extly sameconditions.

7.2.3 Results

The image othicken skin (1cn) has been obtained using a G8kimmersion objetive.

The details of subsurda tissue streture are seeing in some way before agpion of
glycerol (see Figure 7.7-a), however, already at ahdep#5um picture is notclear (see
Figure 7.7-b).

R —

3
3 50 pm

504m

(@) (b)

Figure7.7. CLSM images ofhicken skin obtained at thedal depth 1&m (a) and 45m (b) at normal

conditions.
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Similar experiment wasarried out with 6(nm gold nano-spheressad as «contrast agent
with concentration 109articles/mL(Figure 7.8. The improvement of the imacontrast is
observed after 2Ein after using nanospheres (see F8-a), and maximum enhcement
of imagecontrast observed after tmin (see Figure 7.8). Both images are obtained a
depth of 45m.

The use of glyerol redees the effets of multiple sattering (Meglinskiet al, 2002;
Tuchin, 2005), whih significantly improves the quality adfLSM images after 15 minute
after appltation (Fig.7.9-and 7.9-b, the fal plane at 1@m and 45um, respetively).

Figure 7.8. CLSM image o€hicken skin obtained at 44m facal depth after 25 (a) and 60 (b) minu

diffusion of 60 nm gold nar-spheres into the skin sample.
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Figure7.9. CLSM images ofhicken skin with apptiation ofclearing agent — glyerol: (a)— focal plane at

18 um; (b) — feal plane at 45:m.

These results demonstrate that the use (cerol as aontrast agent is an ective way to
improve theCLSM images. Howevelcontrasting with the help of gcerol is not tissue-
speific. Nevertheless, in our opinion, the use of nanccles labellec with biomarkers in
combination with osmoti active immersion liquids might be preferable. In auadfi, the

increasedconcentration of anoparttles, as well as using of their aggregatcould

significantly increase thecontrast of the image of individual sctural elements in
biotissues.
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Conclusions

In the current Ph.D. thesis M technique was applied for the purposes of simulatibn o
OCT. The MC simulation makes it possible to give a realigiicture of the proesses
involved into the light-tissue intetton. Although the modelling of opil propagation
within biotissues with the is relatively timeconsuming, it is the most effent
technique to predit and analyze the peliarities of the radiation propagation in the
complex turbid medium. Existing ¥ code was improved witbhoherere and polarization
effects, which significantly increasing the @uracy of the modelling. M model was used
also for the purpose of visualization of the inh@®eity in turbid medium with the help
of artificial neural network (Kovalevat al, 2007). Lowcoherere optcal techniques, sth

as CCT, its extension Doppler O and CLSM were improved and applied for the
purposes of bio-tissues diagnostiand imaging of their internal stture. In addition
CLSM was employed for the investigations of imagatrasting with gold nanopattes
(Lemelleet al, 2009).

MC model was developed and improved (€#e6) for adequate simulation of the non-
invasive lowcoherere optcal diagnost which is a novel modern ¢anique uniquely
suited for the measurements of pdeis distribution within the topal layers of biologial
tissues and otheomplex media, sth as polymers;olloids, composite materials, @tThis
approah is based on the illumination of a medium by egitiradiation with a low
coherere both spatial and temporal, and analysis of thd-baattering signal. Reently
introdwed this tehnique is notcurrently used. The aim of the resdarwas the
development of the theoretl model of low coherent radiation propagation and
localization within the random media and establishmehimate limits and optimal
instrument parameters of the experimental systdatalde for the biomedal diagnosts.
The proposed téinique is likely lead teancer diagnostis and quantitative monitoring of
structure of complex composite materials. The M method makes it possible to give a
realistc picture of the proesses involved into the light-tissue intgian. Although the

modelling with the MC is quite timeconsuming, it is the most effent tehnique to
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des<ribe the radiation propagation in theattering turbid medium. The main diftilty in
the applying of the lowoherere teehnique in biomedial diagnostis is thecomplexity of
biotissues strtture. For example, the human skionsists of the five layers with unique
optical properties in edn layer. External boundary and internal boundabtsveen layers
are rough and wavy. However, with the proposed fethnique it was possible to use the
multilayered model of skin whin consists of 7 layers (see S&1). Eah layer has its own
optical properties, sth as s — scattering coefficient, ua — absorptioncoefficient, g —
anisotropy fator andn — refrative index. The sampling volume was simulated faraus
probe geometry. The results of the simulatidearly show that probe with separated
souke-detetor field of view signifcantly improve the lealization of deteted signal

within the medium.

Proposed M model was expanded with the neeamputational method that is able to
consider all thesattering orders within a detied OCT signal (see Se 6.2). The method is
based on the iterative pmdure of the solution of Bethe-Salpeter equatione Tiew
approah is able adequately@unt for the ballisti component of the deteed OCT signal
including thecontribution of the rear interéas within GCT signal. These will icrease the

resolution of the simulated@ signal.

Based on the generalization of iterative gedure of the solution of Bethe—Salpeter
equation, a new wtor-based M approah has been developed (seec.B£). The
performares of the developed method are shown botlcdorentional and polarization-
sensitive @T modalities. Thecurrent approeh allowsconsiderably simplified simulation
of polarized loweoherent optial radiation propagation within turbidcagtering media
avoiding implementation of Stokes—Mueller and/onel formalism, with the substantial
redwing of thecomputational resoues. In a similar manner this appebaan be applied
for circular polarization allowing one to avoidcambersomecalculation of the Mueller
matrix. The tehnique can provide detailed information on polarization gagation
within/outside the medium, cering various physal quantities simultaneously. The

technique will find a number of straightforward apjaliions related to the non-invasive
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diagnostés of various disperse random mediajuding biologcal tissues, polymers, liquid

crystals, and others.

Based on the results of®/simulations the OT set-up was developed and improved. The
conventional @T was applied for the purpose eiaffold strwcture imaging (see 8$&'.1).
Three-dimensional porousaffolds are used for the duteonal growth of thecells and for
the supplying them with nutrients in tissue engimge At the same time DopplerCO
was applied for the measurements of spatial flloav fvelocity distribution within this
complex saffold strwcture. Obtained results make it possible to evaltla¢eshear stress

within the saffold in a paritular area and optimize input flow ratensequently.

In framework of opttal tomography and related problems it is requieddlve scealled
inverse problem. This dtudes reonstrwtion of spatial positioning of the absorbing and/or
scattering maro-inhomogeneities distribution within the medium the charateristics of
scattered radiation. This distribution depends ondistarte between photo-det®r and
the entrane point of laser beam, and is determined by datexing properties of the
biological tissue. To desibe the propagation of laser radiation within toenplex random
mediaconventionally statistial computational Mont€arlo (MC) method, whih combines
the statisttal weight sheme and efgive optical photon paths simulation, was used (see
Se.4.4). It is assumed that inhomogeneitydied in subsurte area of the medium
changes the intensity distribution of theckacattered radiation. This makes it possible to
apply artifcial neural networks (ANN) for finding the dimensgrand leating of the
inhomogeneity. This is esgally of high priority beause of new diagnossi/treatment

developing that is based on the applying gold nartetes for labellingcarcer cells.

As an addition the influer® of gold nanopaxies on the resolution of image in ayati
imaging was studied in theuirrent reseah (see Se7.2). The use of nanopaies labelled
with biomarkers ircombination with osmoti active immersion liquids might be preferable
and have a great potential applying asoatrast agent with opial imaging modalities,
swch as aconfocal laser sanning meroscopy (CLSM). The ircreasedconcentration of
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nanopartiles, as well as using of their aggregatesild significantly increase theontrast

of the image of individual stotural elements in biotissues.

The obtained results of the whole resban my Ph.D. thesis show the feasibility of using
low-coherere opttal diagnost techniques, sth as @T andCLSM, for the purposes of
diagnostes and treatment of biotissues.CMmodelling can serve as an instrument of
optimization and adjustment of the applied cgititechniques. Preferability of using of
these tehniques, espgally OCT and Doppler QT, is confirming with relatively lowcost

of building seh instruments irromparison withcost of traditional MRI. Hete, from the
financial point of view return on invested money will beich higher incase of @T and

Doppler GCT, which make them more attrive for the usage inommetcial projects.
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